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1.0 Introducton

During the course or our TRMM investigation, we made considerable
progress in six areas. These include the creation of a basic geographic information
system (GIS) for Africa, satellite assessments of rainfall, surface radiaiion balance,
water balance and its interannual variability, the potential dynamic effects of latent
heating of the atmosphere, and improvements in our surface energyv and water
balance model.

Surface radiation balance parameters were assessed from satellite
information, water balance from the afore-mentioned model. During the
considerable time lapse between our current studies and the availability of TRMM
data, we anticipate further model improvements. For this reason, we have
produced preliminary estimates of surface water balance and have emphasized a)
the production of a data base to be used in modelling efforts and b) the development
of a model which readily lends itself to improvements in parameterization and in
the incorporation of TRMM data, as they become available.

For the TRMM project as a whole, the data base may be the most important
product of this investigation. The investigation has resulted in seven relevant
articles submitted to or appearing in journals, six additional articles for which
partial support was provided, and two currently in preparation and soon to be
submitted. These are listed at the end of this report. Copies of the most relevant
articles are included in the appendix.

2.0 GIS for Africa

Perhaps the most important product of our TRMM project is the data base we
produced, consisting of geographic and climatic information for Africa. This will
become available via an anonymous FTP server to all interested individuals. It
should provide information that is useful for both input and verification of climate
models. It will also provided rainfall data for verifying TRMM results.

Since our own work has focused on an approximately 1400 station network of
rainfall data, we have attempted to organize the data base around these stations.
Wherever possible, geographic and climatic parameters are given for each statiom
In view of the goal of the TRMM mission to produce areally averaged data, we have
also produced a coarser resolution gridded data set consistenting of areal averages, as
derived from available station data or based on interpolation for the roughly 70 % of
the grid-squares containing no stations. The areal averages are simple arithematic
averages of all stations in each 1 by 1 degree square. Interpolation is performed
using NCAR's BIVAR package (Bivariate Interpolation and Smooth Surface
Fitting).

“An overview of the data base is presented in Fig. 1. The geographic
information consists of soil type, soil texture and vegetation type. Information is
stratified by station. Soil type is taken from the FAO soils map for Africa. Soil
texture is taken from works of Zobler and Webb et al.. Vegetation type is taken from
White's vegetation map of Africa. The climatic data include rainfall and PET
(monthly and annual means) and both station and gridded data are included.
Rainfall is from the P.I.s archive. PET is from FAO's two volumes of
agriclimatological data for Africa and is calculated using the Penman formula, with
interpolated values calculated for the stations not available through FAO.



Rainfall is the most extensive parameter in :he date base. We have in our
archive monthly data since the beginning of observations for nearly 1400 African
stations. The records for over three quarters of the stations begin prior to 1925 and
most extend to at least 1990, so that calculated parameters are generally based on at
least 65 years. The individual monthly data are not included, but monthly and
annual means, standard deviations and coefficients of variation are. Additionally,
because the TRMM mission will collect data for 5 vears, we have calculated for each
station the maximum and minimum rainfall for any consecutive five-year period
and the variance of these five-year means. These will help to assess the validity of
rainfall data assessed during a relatively brief period by the TRMM satellite.

Satellite data were used to derive incident solar radiation, surface albedo,
longwave fluxes, and surface net radiation. Due to the expense of obtaining
appropriate data, these were derived for several months from daily limited samples.
All months were available from July 1983 to July 1988 except July 1987 and December
1983. Included in the data base are gridded mean values (1 degree by 1 degree) of
global radiation at the surface, surface albedo, and surface net radiation for January,
April, July, October and the annual mean. Longwave data, provided by Darnell et al.
and used to produce the net radiation data, are not included in the FIP data base.

Using a significantly revised version of Lettau's climatonomy model (see
Nicholson et al., 1996), we have produced station-specific and gridded values of
surface water balance parameters (Fig. 1). Only the gridded data are available via the
FTP server. These include mean of evapotranspiration, runoff, and soil moisture
for January, July and the whole year. The dryness ratio and evaporation and runoff
ratios are calculated for annual data only.

3. Rainfall Assessment

We have applied satellite methodologies to the assessment of rainfall over
various sectors of Africa (Fig. 2). In the first case, rainfall over the Sahel during the
years 1983 to 1988 was estimated and analyzed using two cloud-based methods: cold-
cloud frequency and mean infrared radiances. For annual rainfall, both methods
were able to account for over 80% of the variance throughout the region (Ba et al.,,
1995). This study also demonstrated the accuracy of the methods in evaluating the
interannual variability of rainfall and its usefulness in analyzing the interannual
variability of the ITCZ (both position and intensity).

These methods were later applied to evaluating more recent rainfall
conditions. They were particularly useful in assessment rainfall conditions during
1994, a year claimed by some to be the wettest in at least 30 years. The satellite
methods were useful in evaluating conditions over the eastern Sahel, in an area
nearly devoid of rainfall stations, and in documenting conditions during 1994 in
detail (Ba, Nicholson and Kim, 1996).

We have also applied these methods to studving the interannual variability
of the Sahel-Sahara boundary, in the context of assessing claims concerning long-
term desertification. The study (Nicholson, Tucker and Ba, 1996) demonstrated that
this boundary, as assessed from vegetation index data (NDVI), exhibits fluctuations
closely parallelling rainfall changes. This clearly negates the concept of a long-term
"advance" of the desert.

A different methodology was applied to assessing rainfall over Botswana, in
southern Africa. Much of the country consists of the desolate Kalahari "desert”, a



sparselv populated semi-desert region nearly devoid of rainfall stations.  We
producea a map of mean annual xam(a]l conditions in this zrea (Fig. 3), with rainfall
"predicted” (Fig. 4) on the basis of regressions between rainfall and NDVI
(Nicholson, Grist and Mpolokang, 1996). “The result provided much more detail
about the region's rainfall than was available from conventional station data.

4. Surface Radiation Balance

We have produced monthly mean data of global solar irradiance and surface
albedo over the African continent at ~ 0.25° latitude x 0.25° longitude using a
physically based method (Ba et al,, 1996, Ba and Nicholson, 1996). Monthly mean
surface net radiation data were also produced at 2.5° latitude x 2.5° longitude using a
complementary data on surface net radiation estimates from Darnell et al. (1992).
The monthly mean datasets were obtained using data collected during the period of
July 1983 through July 1988; during the time of processing the data for December
1983 and July 1987 were missing. Our results were compared with other satellite
based estimates namely those of Darnell et al. (1992), Pinker and Laszlo (1992) and
Bishop and Rossow (1991). Agreement is good between our estimates of global solar
irradiance and all other estimates. The agreement is pamcu]arlv good between our
estimates and those of Darnell et al. (1992) with biases less 5 Wm™. Good agreement
was also obtained between our surface albedo estimates and those of Darnell et al.
(1992) which represent clear-sky albedo obtairnel from broadband ERBE data. Figures
5 and 6 present the mean annual global solar irradiance and the mean annual
surface albedo at 1° latitude x 1° longitude. Figure 7 presents the mean surface net
radiation at 2.5° latitude x 2.3° longitude.

This study has produced some surprising results. One is the complex
relationship between surface albedo, rainfall and vegetation. It is generally assumed
that dry season albedo is higher than wet season albedo, but our results showed this
to be the case only in semi-arid regions with relatively sparse vegetation cover. In
more humid regions or semi-arid regions with dense vegetation, the wet season
albedo is higher. Secondly, we have found unexpected large interannual variability
in regions of relatively stable climate, such as the Saharan desert. In general, this
result suggests the need for improved correction of the radiation data for water vapo
and aerosols. Finally, our study showed that calibrations in current use appear to be
in error. Thus, if satellite data are to be applied to studying the interannual
variability of radiative parameters, improvements must be made in both calibration
and atmospheric corrections.

5. Water Balance

We have used the climatonomy model to produce mean estimates of surface
water balance parameters over the African continent. Precipitation, total runoff,
evapotranspiration and soil moisture are estimated on an annual basis and for the
most extreme months, January and July. Annual maps for runoff, ET and soil
moisture are presented in Figs. 8, 9 and 10.

The results (Nicholson, Kim, Ba and Lare, 1996) indicate that ET generally
exceeds 1500 mm/an in the equatorial regions, with a few areas where ET is in excess
of 2000 mm/an. It ranges from abut 500 to 750 mm/an in the semi-arid regions of
eastern Africa and about 200 to 750 mm/mo in the semi-arid regions of the



subtropcs. On a monthly scale, maxima are on the order or 100 mm/mo or more. It
is on the order of 5 to 5¢ mm/an in the semi-arid regions bordering the deserts.
Runoff is about 200 to 500 mm/an in the equaiorial latitudes, but generally less than
50 mm/ar in semi-arid regions of Africa. It approaches zero for mean annual
rainfall below 500 mm.

Interannual variability is particularly large for ET. In some areas, the
difference between wet and orv vears exceeds 500 mm/an; it can exceed 250 mm/an
over much of the continent. Runoff can vary by over 100/an from year to year in
wetter regions of West Airica. In the eu,atonal latitudes, even zonal means can
vary by over 200 mm/ar, compared to a long-term mean on the order of 350
mm/an. In the semi-arid sub-equatorial latitudes, the zonzl means can vary by 100
to 150 mm/an.

Overall, there is good agreement between our calculations of ET and those of
several other studies. Nevertheless, a considerable range of values for the African
continent appears in the literature. Some earlier studies appear to have
dramatically underestimated both soil moisture and ET. This is partly a
consequence of the relatively low values of net radiation obtained from traditional
formula, as compared to modern satellite estimates.

6. Relation between Water Balance and Latent Heating: a Sahel Case Study

Lare and Nicholson (1994) calculated the surface water balance for large areas
of West and Southern Africa, in order to evaluate the importance of latent heating
as a possible land-atmosphere feedback mechanism. The surface latent heat flux was
determined for wet and drv years. For the Sahel, calculations were done for surface
fields and also for a transect running from the desert to the humid regions to the
south. One important result is the demonstration of a large change in the north-
south gradient of latent heat flux between ivet years and dry years, because higher
rainfall in the wetter regions to the south is translated into increased runoff, with
little change of evapotranspiration. Based on a crude atmospheric heating model
and considerations of thermal wind, the work showed that the change of wind
speed in the area of the African Easterly Jet, as a result of the change in this gradient,
is roughly comparable to that between wet vears and drought years. This implies
that surface effects are significant enough to affect the large-scale atmospheric
forcing in the region.

We hope that this problem can be continued when TRMM data become
available. The latent heating profile can allow us to produce a much more realistic
calculation of the effect of surface latent heat flux on atmospheric processes.

7. Model Improvements

During the course of the TRMM project, the climatonomy model of surface
water balance water improved in several ways. The empirical relationships were
converted to physical ones and the surface hy drologv was made more realistic. An
improved runoff formulation was developed. Some of these improvements are
describe in Lare and Nicholson (1994) ancd in Nicholson, Lare, Marengo and Santos
(1996). More recent ones will be described in the paper dealing with surface water
balance over Africa (Nicholson, Kim, Ba and Lare, 1996).
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We are at present still working on an improved parameterizaton of runoff.
It utilizes rainfall intensity information deduced from mohthly data. A regression
is developed based on the frequency distribution of rainfall events of various
intensities as a function of monthly total. Thus, for such a runoff formulation the
TRMM data on rainfall intensity can play a major role. It has the potential to
dramatically improve GCM calculations of surface runoff, one of the weakest aspects
of current models.

8. Other Efforts Receiving Some TRMM Support

During the course of the TRMM investigation, Dr. Mamoudou Ba received
most of his support from TRMM. In addition the working on projects directly
related to TRMM, as indicated above, Dr. Ba also did some work on correction of
vegetation index data (Ba et al., 1996). This will ultimately be relevant our future
work which grows out of the TRMM project. We will use TRMM rainfall estimates
in our work balance work and in examining vegetation-water relationships. The
corrected data set will give us better results.

There was much synergism between our TRMM project and our HAPEX-
Sahel work. The common denominator is the surface energy and water balance
model which we developed and utilized to study conditions over Africa. The
model was improved and validated, using joint support from the two projects.
HAPEX-Sahel experimental data was usétl for the validation.

9. Dissemination of Results

9.1 Published Works
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Figure 1: Chart flow of the Geographic Information System f{or the African
continent.

Figure 2: Spatial distribution of 6-yr (1983-88) mean seasonal rainfall derived from
cold cloud frequency in 1° x 1° grid boxes.

Figure 3: Spatial distribution of 11-yr mean annual rainfall derived from NDVI over
BOTSWANA. The delineated areas represent different soil types. For each soil type,
specific predictive regression was used.

Figure 4: Time series of estimated monthly rainfall and observed monthly rainfall
1982-1993 using predictive regression equations specific to each soil type.

Figure 5: Spatial distribution of 6-yr (1983-88) mean global solar irradiance (Wm’™?)
over the African continent in 1° x 1° grid boxes.

Figure 6: Spatial distribution of 6-yr (1983-88) surface albedo (%) over the African
continent in 1° x 1° grid boxes.

Figure 7: Spatial distribution of 6-yr (1983-88) mean surface net radiation (Wm™)
over the African continent in 2.5° x 2.5° grid boxes.

Figure 8: Spatial distribution of mean annual evapotranspiration computed at the
surface network stations.

Figure 9: Spatial distribution of mean annual runoff cemmputed at the surface
network stations.

Figure 10: Spatial distribution of mean annual soil moisture computed at the surface
network stations.
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ABSTRACT

In this paper, a physically based model is used to derive global solar
irradiance and surface albedo. METEOSAT B2 data for the period 1983-88
were used. A simple linear function involving the cosine of the Solar
Zenith Angle (SZA) is shown to adequately correct the directional effects on
sm;face albedo due to seasonal variations of the SZA. The results show that
for a known constant-radiance target in the Libyan desert, the clear-sky
TOA (Top Of Atmosphere) reflectance computed using the ISCCP (Satellite
Cloud Climatology Project) calibration varies significantly over time. This
suggests an error in the ISCCP calibration. Here an adjustment is
performed to minimize these errors due to calibration uncertainties using
this site as a constant-radiance target. This allows the removal of the
interannual variability in surface albedo due to that of the calibration. The
results of global solar irradiance and surface albedo are compared with
those obtained by other algorithms. These comparisons show that our
results agree well with two of these algorithms, namely those using the
ERBE broadband albedo in the short-wave radiation retrieval scheme.
Some differences were found with two other algorithms that use
vegetation type dependency to convert from narrowband to broadband

albedo.



1. Introduction

Better scientific understanding and predictive capabilities for climate
fluctuations depend, in part, upon improvements in the modeling of land
surface processes. This requires a good knowledge and extensive
description of surface properties at reasonable time and space scales.
Among others, the Surface Radiation Budget (SRB) components are
essential parameters for such a description. For instance, large scale
modification of surface albedo can alter the surface energy balance
sufficiently to influence surface temperature. This, in turn, might modify
the general atmospheric circulation patterns. In particular, surface albedo
has been of interest in the African drought problem because of the
hypothesis of Charney (1975) and others that increased surface albedo
accompanying drought or human-induced desertification, might exacerbate
or even trigger drought.

Satellite data offer a unique opportunity to build the necessary
observational base of SRB components. Numerous attempts at estimating
surface radiative fluxes from satellite data have been made (e.g., Tarpley
1979, Gauthier et al. 1980. Pinker and Ewing 1985, Raschke et al. 1987,
Dedieu et al. 1987a, Darnell er al. 1988, Darnell et al. 1992, Gupta 1989,
Pinker and Laszlo 1992, Bishop and Rossow 1991, Rossow and Zhang 1995,
Zhang et al. 1995). Recently, global sets of satellite observations from the

ISCCP (International Satellite Cloud Climatology Project) became available,



allowing implementation of satellite algorithms for the SRB on a global
scale in the framework of the World Climate Research Program
(WCRP)/SRB project (Whitlock et al. 1995).

While these methods give good estimates of global solar irradiance
with the necessary accuracy needed for climatic purposes, important
efforts still need to be made in order to have representative estimates of
surface albedos. This is not a trivial task because the spectral signature of
land surface reflectivity is governed by soil characteristics, vegetation
types and morphology (see Dickinson, 1983). Numerous satellite estimates
of surface albedo over West Africa have been made using quite different
methodologies to treat the problems of atmospheric and bi-directional
effects.  Most ignore the latter problem, producing essentially surface
reflectances (e.g., Courel et al. 1984, Pinty et al. 1985, Pinty and Szejwach
1985, Dedieu et al. 1987b, Pinty and Tanré, 1987, Pinty and Ramond
1987).

The determination of daily mean surface albedo by expanding the
Dedieu er al. (1987a) method is the primary objective of the present paper.
Through a significantly large seasonal variability of surface albedos over
the Sahara, we will point out the dependence on seasonal variations of the
Solar Zenithal Angle (SZA) and the need to correct these directional effects
for a proper seasonal variability analysis. Finally, we will compare our

surface global solar irradiance and albedo estimates to four major current



satellite-based methods in order to validate our results. In a companion
paper (Ba and Nicholson 1996a), we will use the present results to study
the temporal and spatial variability of global solar irradiance and surface

albedo over the African continent.

Data and Method
2.1 Data

The data of the International Satellite Cloud Climatology Project
(ISCCP), named METEOSAT B2, are used. These data have been obtained
from the European Satellite Operation Center (ESOC). They contain 3-h, 8-

bit digitized images in three spectral bands: 0.4-1.pm (visible channel),
10.5-12.5 pm (thermal infrared channel), and 5.7-7.7 pm (water vapor

channel). During the period of study, July 1983 to July 1988, METEOSAT
data are available for all months except December 1983 and July 1987.

A METEbSAT B2 image has 30 km spatial resolution and is obtained
by sampling the original full resolution image (about 5 km at the Nadir)
every six rows and six columns. All images are geometrically corrected
and navigated to a fixed reference. In the validation analysis, surface
albedo and global solar irradiance products of Pinker and Staylor (see
Whitlock et al. 1995), Darnell et al. (1992), and Bishop and Rossow (1991)

are used. These datasets are mapped to the ISCCP equal-area grid with



approximate dimensions of 278 km x 278 km (2.5 latitude x 2.5°
longitude). For comparison, the products obtained from METEOSAT were

degraded from 0.25 x 0.25° to match the 2.5 x 2.5° ISCCP grid boxes.

2.2 Method
2.2.1 Global solar irradiance

We used a physically based model (Dedieu et al., 1987a) to derive
global solar irradiance (G;) at the surface from METEOSAT satellite
measurements in the wavelength between 0.4 and 1.1 pm, using the

formula:

1-p(t
Gs([):EO_J%(S—) (1)

in which Ep (given in Eq. 2) is the clear-sky radiation at time I, pgis the
surface bi-directional reflectance, and p(t) is the bi-directional reflectance
of the cloud-surface system at time . The time ¢ corresponds to a viewing
geometry of the scene defined by the solar zenith angle (8;). the solar

azimuth angle (¢s), and the satellite viewing and azimuth angles (6y and

¢v, respectively). To evaluate pg, it is necessary to determine a clear-sky

condition by applying a cloud screen to the observations. To do this, we

used a composite technique based on both visible and 1nfrared



measurements 1o cloud screen the observations, as described 1n the
section 2.2.3.

The clear-sky radiation Ep is given by:

Eg = Ed*cos(6;)T(6s) (2)
where E is the solar constant, d the radius vector (the ratio of actual to
mean sun-earth distance), and T(6;) a clear-sky transmission factor,
accounting for gaseous absorption, and Raleigh and Mie scattering. Recent
satellite measurements show that E is about 1363-1372 Wm-2
(Ramanathan ef al. 1989). A value of 1372 Wm-2 is used for the present
study.

The absorption due to atmospheric water vapor and ozone has been
computed using the Lacis and Hansen (1974) formulae. These require an
estimation of the total water vapor and ozone atmospheric contents.
Climatologies of vertically integrated water vapor content (Tuller, 1968)
and vertically integrated ozone content (London et al., 1976) for ten degree
latitudinal zones for each month of the year weré used in the present
study.  The absorption due to oxygen and carbon dioxide has been
calculated using the Yamamoto (1962) formulae. These were expressed as
functions of the nominal surface air pressure (in atmospheres). We
considered here a constant pressure of 1013 mb (1 atm). The term of the

transmission representing atmospheric backscattering has  been




approximated using the Darnell er al. (1988) equation. The attenuation
factor for aerosols has been approximated wusing the formula of Darnell e¢
al. (1992). This attenuation, determined by a residual tcchniquc (Darnell
et al. 1988), is expressed as a linear function of the water vapor content.

In the parameterization of Gy, for a cloudy atmosphere, we consider
cloud and molecular scattering and gaseous absorption as in the clear sky
case, but no absorption by clouds. We also assume that the cloud layer and
the surface behave as perfect lambertian reflectors. Molecular
transmission under cloudy conditions is assumed to be about the same as
under clear sky conditions. This is justified because most of the ozone is
above the cloud top and the saturation of water vapor bands makes its
absorption weakly sensitive to the increasing optical path due to the
presence of clouds (Davies e al., 1984).

By integrating Eq. 1 between sunrise and sunset, we obtain the daily

global solar irradiance. Eg. 1 becomes:
(3)

where N is the number of total observations. Gs is estimated only when
there are at least two observations available in the day. £Epis evaluated
over a time interval surrounding each observation and multiplied by the

I-p(1)
term —I—R— to account for cloud arttenuation. The daily global solar
Vs




irradiance is then obtained by summing the values for each observation
time during the day. To obtain Gs, we first evaluate the bi-directional

reflectances p; and p(¢).

2.2.2 Surface albedo

The bi-directional reflectance is defined as the ratio of surface
reflected solar energy in a given direction to the incoming solar irradiance.
This quantity is dependent upon the Bi-airectional Reflectance Distribution

Function (BRDF) of the surface and is defined as:

Lr(987¢.§:.6v»¢v}

Ir(6s,05:6v,0v) = Li(6s,65)cossdws "

where Lpy(6s,¢5,0v,0v) represents the luminance reflected in the direction
(Bv,0y) and Lj(6s,4s) represents the incident luminance within the solid

angle dws. It is very difficult to evaluate the BRDF. In practice, the Bi-
directional Reflectance Factor (BRF)is used instead. The BRFis defined as
the ratio of the actual flux reflected by the surface in the direction (8y,0y),
dFr, to the flux that would be reflected by an ideal lambertian surface,
dFrideal:

dFr

p(6s,¢s,6v,6v) = TF T deal (5)



Assuming that g is an infinitesimal quantity, one can establish the
following equation:

p(6s,95;0v,¢v) = nfr(6s.05.6v.0v) (6)

For a radiometer onboard the satellite sensing the energy reflected

by the surface in the direction (6y,¢v), the Top Of Atmosphere (TOA) BRFis

given by:

nd"2Lp(65,95.6v,9v)

p(6s.,¢s5,6v,0v) = Eocos6s (7)

where Ep and d were given in the previous section. The surface BRF
(ps(Bs,0s,6v,0v)) is then computed by applying atmospheric corrections to
the TOA BRF (p(6s,65,6v,0v)). The following equation is inverted for

pS(eS’¢S:.GVI¢V):

TpS(95r¢S;9Vr¢V)
(1 - ps(6s,¢5,6v,0v) S)

p(Bs,¢5.6v,¢v) = tg[ pa(bs,95,6v,0v) + ] (8)

where fg is the total gaseous absorption, pa(6s,¢s,6v,0v) is the atmosphere

BRF, T is the total-scattering transmission on double path, and § is the
single-scattering albedo of the atmosphere. All terms of Egq. 8 are
integrated over METEOSAT sensor spectral bands and normalized by the

integration of the sensor spectral response over the range of the detector

(0.4-1.1 pm). The corrections of gaseous absorption, and those accounting

for aerosol effects, are based on analytical functions (the Simplified



Method for Atmospheric Corrections (SMAC), Rahman and Dedieu (1994)
and are derived from 5S code (Tanré er al., 1990). Aerosol optical depth
has been set to a constant of 0.23 at 550 nm (23 km of horizontal
visibility).

The surface albedo (As) can be obtained by integrating Eq. 8:

”—
n

] 2
AS:; f
0

2

S ps(65.65;6v,8v)cosOysinBydBvd gy (9)
0

This quantity, used in the surface energy budget, is the ratio in percent of
the total solar energy reflected by the surface to the total incoming solar
irradiance. It is not an easy task to evaluate this quantity using the
present satellite sensors which generally view the Earth in only one
direction at time. Since our interest in the present study is limited to the

daily value of the surface albedo (As ), we can rearrange Eq. 3 to get an

estimate of Ag :

]\7
S Eo(l-p(1))
-
As=1].- = (10)

where Gg is the daily estimate of the global solar irradiance as given in Eq.

-
S,
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2.2.3 Cloud and large optical depth screening procedures

In Eq. 1, surface bi-directional reflectance must be known. This is
not trivial because it is not always easy to distinguish between clear and
cloudy conditions. Moreover, large optical depth must be eliminated when
computing the surface bi-directional reflectance. Therefore, a good cloud
screening technique would be one that not only eliminates the cloudy
conditions but also the hazy ones and cloud shadows. In this study, we

used a composite method (Arino et al, 1991) which combines both the

visible and IR measurements.

Using a minimum visible measurement over a period of time one can
eliminate the cloudy conditions because the clouds are generally more
reflective than the underlying surface. However, this approach tends to
favor some particular atmospheric conditions.  This can result in an
underestimation of the surface reflectance over bright regions due to the
presence of absorbing aerosols (Legrand et al, 1985, 1988). Large
atmospheric aerosol loading strongly reduces the signal received by the
satellite.  On the other hand, the use of maximum IR measurements
efficiently eliminates high optical depth observations, but may fail to
discriminate the presence of low clouds with high temperature, as these
are usually present over tropical forests and highlands.

In this study, a combination of both IR and visible methods over a

monthly period has been used to optimize the cloud-screening procedures
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in order to address the main problems encountered: large optical depth in
the case of the visible method and low clouds in the case of the IR method.
We used a maximum IR measurement over a ten-day period within the
month to select three days during the month. Then we used the visible
criteria to select the minimum value out of the three days selected to
choose the day when the measurement would be taken as the least
affected by atmospheric conditions.

While visually examining some of the composite images obtained by
the above procedure, we noticed that the technique sometimes failed to
eliminate all low clouds. Therefore, we used a threshold of 0.15, defined as
the high limit of spatial variability of surface reflectance for a given
month. This threshold is defined as the ratio (rg) of the standard deviation
to the mean computed from nine pixels encompassing a given pixel. This
threshold is empirically set after examining most of the possible values of
the ratio, rg, corresponding to clear sky conditions over the entire image.
Whenever this ratio is greater than the threshold, the day corresponding to
the minimum visible value selected over the entire month is then chosen

as the month's surface measurement.
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2.2.4 Calibration

Satellite measurements are generally digitized in 6-bit or 8-bit
counts. The luminance (L,) detected by the satellite is generally a linear
function of the numerical count and is calculated by:

Lr = ofCN - CNp) (11)
where CN represents the satellite numerical count, CNg the space count,
and a a calibration factor of the sensor (o = 0.58 Wm-2sr-lcount-! for 8-bit
counts for METEOSAT 2). However, this calibration factor changes over
time due to the aging process of the electrorﬁc device. Consequently, the
monitoring of the time stability of the detected signal as obtained in Eq. 11
is necessary.

For this study, we used calibration coefficients obtained for the ISCCP
data set (Brest and Rossow, 1992, Desormeaux et al. 1993) to adjust the
luminance obtained. in Eq. 11. These coefficients were obtained by the
comparison of the geostationary satellite measurements to those of the
NOAA/AVHRR.

The calibration procedure is done by two steps (see Desormeaux et
al., 1993). The first step is to normalize the geostationary radiances (i.e.
METEOSAT) by those sensed by the current NOAA/AVHRR at the same
time and location with the same viewing geometry. The second step of the

procedure is to examine the time history of the distribution of radiances in
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each image of the series to detect sudden, systematic changes that exceed
some minimum magnitude. Small adjustments are performed if necessary
to remove these changes. These calibration factors are used to alter the

luminance (Lr) values by:

L'yn=A(lL")+B (12)
where L*,, is the normalized METEOSAT values of scaled radiance with
respect to the current AVHRR measurement (see Rossow et al. 1992). L%, is
scaled radiance and is defined as:

nl,
L* ="~ 13
r EO ( )

where Eg/n is the effective "solar constant” of the instrument in Wm-2sr- 1,

We examined the performance of these calibrations for the same
month from one year to an other over a test site in the Libyan desert (24°-
25°N, 12°-13°E), the Ténéré desert (17.5-18.5°N, 10.5-11.5°E), and in
eastern Mauritania (19.5-20.5°N, 9.5-10.5°W). The site in Libya was
chosen because it presents a good spatial uniformity, a high reflectance >
0.40 which allows the minimization of the atmospheric contribution to the
signal, a temporal stability, and a low cloud coverage frequency (see Arino
et al. 1991). The two other desert sites were chosen to validate the

calibration adjustment made using the Libyan site.
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If the calibrations were correct, we would expect that there would be
little interannual variability in the TOA reflectances for a region of
constant surface characteristics such as the test site in the Libyan desert.
An analysis of reflectances shows otherwise and a comparison with digital
counts and calibration coefficients suggests a problem with calibrations.

Time series of clear-sky digital visible counts corresponding to
11H30 TU observations is shown in Fig. la..- Most evident is the month-to-
month variability, a manifestation of the changing conditions of radiation
during the course of the year. However, there is also a significant increase
in the visible signal after May 1987. In general, the signal presents small
variations for the other years. These small variations may be caused
mostly by atmospheric constituents. The big increase in the signal from
June 1987 to July 1988 is a consequence of a gain change in the visible
channel of METEOSAT 2 (see Rossow et al. 1992)

Time series of slope values of the ISCCP calibration are generally
consistent with those of clear-sky data (Fig. 1b). One should expect that
the decrease in the satellite signal will correspond to an increase in the
slope, indicating that the instrument 1s degrading. This is the case for
January 1985. However, the big increase in the slope for February 1985
was not followed by a decrease in the satellite signal, indicating that the

calibration may be incorrect.



The changing response of the satellite sensor to a constant-radiance
target due to the aging process is generally negative. A signal increasing in
time does not usually occur unless there are onboard temperature
variations or gain changes from ground controllers. There is a gain change
in the visible channel in May 1987 that explains the big increases in all
counts from June 1987 to July 1988. This is also consistent with the
decrease in slope values of the ISCCP calibration and in those obtained by
Moulin et al. 1994, The ISCCP slopes decrease from a value of 1.194 in
April 1987 to 1.002 in May 1987.

Figure 1c indicates TOA reflectances computed without ISCCP
calibration. The fluctuations in time series of TOA reflectances are quite
similar to those corresponding to clear-sky digital counts (Fig. la). This
tends to confirm the temporal stability of the site.

When we applied the monthly calibration obtained from ISCCP,
significant fluctuations in TOA reflectances appear, particularly for
February 1985 and May 1987. These fluctuations are similar to those of
the time series of ISCCP monthly calibration factors. For instance, the TOA
reflectances for 1988 are generally much lower than for other years. We
also notice the drop in TOA reflectance for May 1987. These large
variations of TOA albedo for a certain number of months are not due to
underlying surface property changes but to uncertainties of the calibration.

The ISCCP calibration procedure assumed all thick clouds with optical
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depths > 0.80 as a constant-radiance target. This is not always true
because the viewing geometry and cloud spectral proprieties may be
different from one year to another. This may be the cause of the year to
year fluctuations in calibrated TOA reflectances.

To make observations comparable from one year to another, the
calibration factor must adequately compensate for all changes in the

detected signal due to the degradation of the sensor. We computed an

adjustment factor (g) to correct TOA reflectances (pg) corresponding to

months having p, values that depart significantly from its monthly mean.

The adjustment factor is defined as the normalized departure from the

monthly mean:

Pa - Pa

Pa

(13)

where pg is the TOA reflectance computed using ISCCP calibration and gg

is the monthly mean reflectance computed the same way. The adjustment

factors (see Table 1) are determined over the Libyan site.
The TOA reflectance (p,) computed wusing ISCCP calibration is
modified as:
Pacorr = Pa + EPa (14)

Figure 2 shows time series of TOA reflectance corresponding to two other

desert sites before and after applying Eq. 14. On the left-hand side are
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shown time series of reflectance using the unadjusted ISCCP calibration.
On the right-hand side are shown time series of reflectance after
adjustments were made using Eq. 14. As can be seen, the large
fluctuations due to calibration errors are significantly reduced. In the
present study, all TOA reflectances computed using ISCCP calibration are-
modified according to Eq. 14. The accuracy of these adjustments for
precise intercomparisons may be questioned, but the computed surface
albedo values over the Sahara show very little interannual variability (see

the companion paper by Ba and Nicholson 1996a).

3. Correction of the SZA effects on estimated surface albedo

As indicated in section 2.2, the retrieval of surface reflectance was
obtained by removing atmospheric effects from the TOA reflectances using
the SMAC code (Rahman and Dedieu, 1994). However, this code assumes a
lambertian surface, while a number of studies (Kriebel 1978, Kimes 1983,
Deering 1989, Gutman 1992, Ba et al. 1995) have demonstrated angulér
variation effects on surface reflectance. Computations with radiative
transfer codes that account for these effects exist but are complicatéd
because the BDRF of the surface is unknown in most cases. Recently Ba e
al. (1996b) have shown that a simple bi-directional function can be used to

correct NOAA/AVHRR surface reflectance computed from 35S code.
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Since METEOSAT viewing geometry is fixed for a given location and
the solar azimuth 1is highly correlated with SZA, the directional function in
such geometry can be expressed only in SZA terms. Fig. 3a illustrates the
SZA dependence of surface albedos. More than 50% of the variance in

surface albedo is explained by a simple linear function of sec(8s) in regions

located north of 15°N in central Africa and the Congo basin. This shows
that directional effects due to changing solar geometry are not negligible
and must be removed to study the seasonal variability of surface albedo
properly.

We used a similar equation in Ba et al. (1996b) in which the surface
albedo is expressed as a product of an isotropic component of the albedo
and a temporal and directional function. For this study, we did not include
the temporal component of the reflectance because this would require a
large number of observations to retrieve constants involved - in the
temporal function. The following equation is used to derive the constant of

the directional function Gi(6s;):
Asi = Aspi + bisec(6si) = Aspi Gi(6si) (15)
where Gi(6si) = (I + bilAspisec(6si)) represents the surface directional

function, Agp; is the isotropic component of the surface albedo, and i is the

pixel number in the METEOSAT image. A daily mean of cos(8s;) was

computed for the 15th of each month to represent the monthly mean. For
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each pixel in the METEOSAT image, the monthly mean of the surface
albedo obtained for the period 1983-88 was used to compute values of the
constants Agpi and bi.

Shaded areas in Fig. 3b represent regions where the determination of
the parameters Agg and b, using Egq. 15, are statistically significant at the
99% confidence level. The correction of the surface albedos for directional
effects is only performed in these areas. Elsewhere, the level of statistical
significance is not satisfactory for a determination of the parameters Agp
and b. However, the variance in surface albedo explained by the SZA in

these areas is not significant, indicating that other factors contribute more

to seasonal variations of surface albedo.

4. Sensitivity tests and Validation
4.1 Sensitivity tests

Arino et al. (1992) conducted an extensive study on the accuracy of
surface reflectance determinations made from METEOSAT. Their error
analysis has identified three main problems: calibration uncertainty,
atmospheric corrections and spectral and directional effects of the surface.
Their study concluded that calibration accuracy is within 10%, which can
cause a relative uncertainty in the surface reflectance of 10%. Spectral

effects can account for a maximum bias of 0.01 for a vegetated surface,



and directional effects can lead to a bias of 0.035 between two
determinations  of surface reflectance made from two different
observations taken at different times. These occur at the same view angle
over savannas. The maximum error due to the atmosphere is estimated 10
be on the order of 0.03 in reflectance on the order of 0.40 and 0.01 for a
surface reflectance of 0.10.

The sensitivity of the model to input data was tested, specifically
water vapor and the aerosol optical path. This determines how much
uncertainty may be caused in the calculated parameters by uncertainties
in these input parameters. Three different sites were selected to conduct
these tests: the first site is located in the Libyan Desert (24.5°N and 12.5°E)
with a high surface albedo (As = 0.50), the second site is located in
northern Burkina Faso (Dori: 14.05°N and 0°) with a surface albedo around
0.3, and the third site is located in southern Burkina Faso (Fada Ngourma
12.06°N and 0.4°E) with 0.20 as the surface albedo. Monthly surface global
solar irradiance and surface albedo values were computed for each of
these three sites for January and July 1986. The climatological value of
water vapor and a standard value of 0.23 (at 550 nm) of aerosol optical
thickness were varied by + 25%. A large optical thickness observed at
Niamey during January 1986 and 1987 (Mohamed et al, 1992) is also
used. We recall here that the aerosol optical thickness of 0.23 is used only

to correct the TOA reflectance measured by METEOSAT (see section 2).
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Table 2 summarizes all sensitivity test rcsulfs. The numbers in the
table represent the difference in the results obtained by increasing and by
decreasing input data by 25%.

When water vapor is varied over this range, the global solar
irradiance changes by 15-27 Wm-2. This corresponds to less than 10% of
the value computed with a climatological value. The largest differences
between January and July 1986 are observed over the Libyan site (12

Wm‘z) while the differences between these two months over the Burkina

Faso sites are only 5 Wm-2. The differences in surface albedo are 0.01
(Fada Ngourma) and 0.02 for the Dori and Libyan sites. These changes
represent 5, 7 and 4%, respectively, of the value computed with a
climatological value of water vapor.

When the optical thickness (13 = 0.23) is varied by = 25%, the surface
global solar irradiance remains nearly constant. However, when a much

greater value of 73 = 0.8 is used, the differences become significant during
July over Burkina Faso. We expected that increasing 13 would affect

January values more than July values because of the larger optical path.
This is the case over the Libyan site but the opposite is obtained over
Burkina Faso. This apparent contradiction is due to the fact that the
algorithm performs the same correction for aerosols whether in clear or

cloudy conditions. However, above high reflective clouds (i.e., convective
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clouds), there is a lower concentration of aerosols. Consequently, when a

high value of ta is used in the presence of such clouds, the algorithm will

underestimate the global solar irradiance because of a significant increase
in the cloud albedo. This is the case for July over Burkina Faso, a region
affected by the increasing convective clouds associated with the Inter-

Tropical Convergence Zone (ITCZ).

In the case of surface albedo, the results of varying ta by +25% are

about the same as with water vapor. When using a much higher value of

1a, the differences are very large when surface albedos are high (i.e., in a

desert). This indicates that the analytical functions used to perform these
corrections are not valid for such high values of aerosol optical thickness
over high reflective surfaces. The value of 13 = 0.8 (5 km of horizontal
visibility) corresponds to the limit of the wvalidity of the aerosol model
(Tanré et al. 1990). However, the cloud filtering procedure we applied also
tends to select days with the lowest aerosol burden (Arino er al. 1991).

The uncertainties presented in table 1 for surface albedo retrieval are

probably maximum values.

4.2 Validation
In the validation procedure, we did not use surface measurements.

Surface data can be found, but a World Climate Research Program (WCRP)
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committee considered that most surface radiation measurements over
Africa are not reliable (Charlock 1995, personal communication). For this
reason, validation will be based on a comparison with other satellite
estimates.

Four satellite algorithms were compared to the results obtained in
the present study: Pinker and Staylor (see Whitlock et al. 1995), Darnell et
al,, 1992 (hereafter Darnell), and Bishop and Rossow, 1991 (hereafter
Bishop). All these methods are based on radiative transfer models and use

ISCCP satellite data as input. These are ma‘pped to the ISCCP equal-area

grid with approximate dimensions of 278 x 278 km2 (2.5 latitude x 2.5°
longitude) (Whitlock er al., 1995). All four algorithms were validated
against measurements of global solar irradiance. For the purpose of the
comparison, the products obtained in this paper were degraded from 0.25
x 0.25° to the 2.5 x 2.5° ISCCP grid boxes. A comparison between our
estimates and the four other techniques are made using data estimated at
every grid box over the African continent. Coastal area pixels were not
considered in the comparison because our estimates were made only over
land. In the comparison, we used data for January 1986-88 and July
1985-86 because data from Staylor and Pinker were only available for
these years.

Table 3 shows comparison statistics between surface global solar

irradiance and albedo estimates of thzse different satellite algorithms for
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January 1986-88 and July 1985-86, respectively. Both the Darnell and
Staylor models are a modified version of an earlier algorithm by Darnell et

al. 1988. This explains why there is a very good agreement between the

two model results.

There is a rather good agreement between our estimates and those of
both Darnell and Staylor for both January and July (see Fig. 4a,b, Fig. 5a,b,
and also Table 3a,b). The biases are less than 5 Wm-2 and a RMSE less 18
Wm-2 for global solar irradiance. For surface albedo, the biases are
between -0.01 and 0.01 and a RMSE less 0.05.

Biases are significant with Bishop's global solar irradiance estimates

(Table 3a). Bishop's estimates are systematically biased high by 17-19

Wm-2 for both January and July with a RMSE less than 18 Wm-2. The

same is also observed (Table 3a) in the comparison of both of the Staylor

and Darnell estimates with those of Bishop.

In January, our estimates of global solar irradiance are low for
vegetated regions and high for arid and semi-arid regions in comparison
with Pinker's values. The differences between vegetated regions and arid
regions (not shown here) are also apparent between both the Darnell and
Staylor estimates and those of Pinker.

Figure 5 represents a comparison between our surface albedo and

those of Staylor (a,b), Darnell (c,d), Bishop (e,(f), and Pinker (g,h) for
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January (left-hand side) and July (right-hand side). There is very good
agreement between our estimates and those of both Staylor and Darnell for
both January and July. For these comparisons, the scatterplot is nearly
centered around the 45° line. By contrast, there is little correlation
between the Pinker estimates and ours for surface albedo higher than 0.20
for January (Fig. 5g). The same is observed between Pinker’s estimates
and those of both Darnell and Staylor (Table 3b). The scatterplot
corresponding to July gives much better correlation but still Pinker’s
values are much lower for values over 0.20 (Fig. Sh).

Bishop’s values represent spectral surface albedos (0.6 pm). These

are linearly well correlated (the coefficient of correlation is 0.97 for both

January and July) with METEOSAT spectral surface albedos (0.4-1.1 pum)

and the broadband albedos of both Staylor and Darnell (Table 3b). These
results are in good agreement with those obtained by Arino et al. (1992)
between METEOSAT broadband reflectances and narrowband visible
reflectances of NOAA/AVHRR.

The reasons for differences between the Pinker and Bishop global
solar irradiance estimates on the one hand, and ours and those of both
Darnell and Staylor on the other hand, are not established. However, we
believe that some differences may be due to the differences in surface

albedo used as input for the global solar irradiance calculation. Both
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Darnell and Staylor's albedos are based on angularly corrected, broadband
ERBE clear-sky satellite data. These are more comparable with those we
obtained from the visible channel of METEOSAT.

By contrast, Pinker's radiative transfer model uses the spectral
dependence of surface reflectance in the target grid using the vegetation
map of Matthews (1983). A transformation of the narrowband to
broadband and anisotropic correction were then applied accordingly.
Similarly, Bishop's transfer model used the area-weighted average of
spectral ratios for eight vegetation types (with seasonal adjustments), land
ice, sea ice and fresh snow. Over the African continent, they used a surface
reflectance corresponding to the ISCCP surface visible (0.6 pm) reflectance,
which is an area-averaged value. They then derived the near-infrared

reflectance from the visible reflectance.

5. Summary

To understand and forecast the interannual climate variability in key
climatic parameters (e.g. SRB components), it is necessary 1o have some
understanding of the global distributions of these parameters. Physical
models, coupled with satellite observations, are now well developed 1in
most cases to retrieve such climatic parameters with an accuracy suitable

for General Circulation Models (GCM).



The objective of this paper\was twofold: 1) to expand the theoretical-
broadband model of Dedieu ¢r al. (19874) in order to derive estimates of
surface albedo on the continental scale and 2) 1o perform an
intercomparison with four major current satellite radiation codes.

The results have demonstrated that using thick clouds as a constant-
radiation target failed sometimes to adequately compensate all changes
due to the sensor degradation. Calibration errors introduce large
interannual variability of TOA reflectance over a known stable surface
such as the Libyan desert. For the months that this happenéd, a correction
factor, computed from a normalized departure from the monthly mean
over the Libyan site, was used to adjust the value of TOA reflectance. This
allowed for the removal of the interannual variability in surface albedo
over desert regions due to that of the calibration. Although directional
effects due to the SZA were minimized, our values of albedo may still not
be true surface albedos because they are based on only one viewing angle.

The parameterization used to correct aerosol effects is not valid for a
very turbid atmosphere (horizontal visibility Iittle than five km). This
poses problems because such high concentrations of aerosols are often
observed in the Sahelian region of West Africa. However, on the monthly
scale, the cloud filtering procedure ussd to obtain clear-sky observations

tends to also select days with the lowest aerosol burden.
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In our scheme, we also considered all clouds as a non-absorbent
medium. This may be true to a first approximation and may explain why
our results compared well with those obtained from models accounting for
cloud absorption. This indicates that uncertainties due to this assumption
are less impértant to those due to aerosol and bi-directional effects.

The sensitivity tests of the model have shown that a variation of 50%
in the water vapor amount induced a change of up to 27 Wm-2 of the
global solar radiation. An error of this magnitude could be of concern for

climate studies and other studies requiring accurate characterization of

surface radiation balance.

All the problems mentioned above will be, to some extent, addressed
when the Earth Observing System (EOS) era satellite observations (see
Wielicki et al. 1995) operate. EOS will make a great advance in our ability
to more precisely observe key variables for estimating surface and TOA
radiative fluxes. The Muluangle Imaging Spectroradiometer (MISR) and
the Polarization and Directionality of the Earth Reflectance (POLDER)
onboard ADEOS will also view the same surface target under several

angles, allowing for better determination of the bi-directional functions.
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Table 1: Adjustment factors (e) defined as a normalized departure from

TOA monthly mean reflectance computed using the Libyan desert as

a constant-radiance target. € = 0 means no adjustment was made for

that month. Stars indicate no METEOSAT data were available for that
month.
1983 1984 1985 1986 1987 1988
JAN * 0 0 0 0 0
FEB * 0 -0.106 0 0 0.062
MAR * 0 0 0 0 0.044
APR * 0 0 0 0 0.076
MAY * 0 0 0 0.145 0.075
JUN * 0 0 0 0 0.122
JUL -0.087 | -0.063 0 0 * 0.085
AUG -0.064 | -0.056 0 0 0 *
SEP -0.100 | -0.052 0 0 0 *
oCT -0.119 0 0 0 0 *
NOV -0.094 0 0 0 0 *
* 0 0 0 0 *
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Table 2: Monthly mean absolute changes at three different locations in

short-wave fluxes (Wm-2) and surface albedos produced by altering the
climatological values of the water vapor amount (WV) and the standard

aerosol optical path (13 = 0.23) by indicated amounts.  All tests were

performed for January and July 1986.

January July

Libyan Desert (25.5°N-12.5°E)

ASW (Wm-2) AAs ASW (Wm-2) AAg

(WV+25%)-(WV -25%) -15 0.02 -27 0.02
(1a +25%)-(1a - 25%) 73 0.02 1 0.02
(12 = 0.8 )-(1a = 0.23) -10 0.14 -4 0.09

Dori: Burkina Faso (14.03°N-0)

ASW (Wm-2) AAg ASW (Wm-2) AAs

(WV+25%)-(WV -25%) 20 0.02 225 0.02
(1a +25%)-(1a - 25%) 0 0.01 -3 0
(1a = 0.8 )-(ra = 0.23) 0 0.06 17 0.03

Fada Ngourma: Burkina Faso(12.06°N-0.4°E)

ASW (Wm-2) AAs ASW (Wm-2) AAg

(WV+25%)-(WV -25%) 20 0.01 24 0.01
(1a + 25%)-(1a +-25%) -1 0.01 -3 0
(1a = 0.8 )-(1a = 0.23) -2 0.02 21 0.02




Table 3a: Comparison statistics between

algorithms: Surface downward fluxes,

five (5) different

satellite based

January 86-88 July 85-86
NBP = 819 NBP = 546
Coef. of | RMSE BIAS Coef. of | RMSE BIAS
Corr. (R) | (Wm-2) | (Wm-2) | Corr. (R) | (Wm-2) | (Wm-2)
This study vs.
Darnell 0.94 14 4 0.96 17 4
Staylor 0.93 15 2 0.97 16 3
Pinker 0.88 20 4 0.90 26 6
Bishop 0.92 17 -17 0.97 14 -19
Darnell vs.
Staylor 0.99 4 2 0.99 3 1
Pinker 0.95 16 -1 0.96 12 -2
Bishop 0.97 10 -22 0.98 8 -23
Staylor vs.
Pinker 0.96 11 2 0.94 15 3
Bishop 0.98 8 -20 0.98 8 -22
Pinker vs.
Bishop 0.95 16 22 0.95 14 -25
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Table 3b: Comparison statisucs

algorithms: Surface albedos.

between

five (5) different

satellite based

January 86-88 July 85-86
NBP = 819 NBP = 546
Coef. of | RMSE BIAS Coef. of | RMSE BIAS
Corr. (R) Corr. (R)
This study vs.
Darnell 0.94 0.04 0.01 0.95 0.03 0
Staylor 0.94 0.04 0.01 0.95 0.04 -0.01
Pinker 0.73 0.08 0.05 0.89 0.05 0.01
Bishop 0.97 0.03 0.13 0.97 0.03 0.11
Darnell vs.
Staylor 1 0 0 0.99 0.02 0
Pinker 0.79 0.07 0.05 0.90 0.05 0.02
Bishop 0.94 0.04 0.12 0.95 0.04 0.11
Staylor vs.
Pinker 0.78 0.07 0.05 0.91 0.04 0.02
Bishop 0.94 0.03 0.13 0.95 0.04 0.12
Pinker vs.
Bishop 0.75 0.07 0.08 0.91 0.05 0.09
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CAPTIONS

Figure 1: Time monitoring of the METEOSAT 2 visible channel and ISCCP
calibration coefficients (A): (a) time series of clear-sky digital counts over
the Libyan desert, (b) the ISCCP calibration coefficient (A), (c) TOA
reflectances computed without ISCCP calibration, and (d) TOA reflectances

computed with ISCCP calibration applied.

Figure 2: Time series of TOA reflectances over the Ténéré desert (Top), and:‘
over northeast of Mauritania (Bottom). On the left-hand side are TOA
reflectances computed wusing ISCCP calibration coefficients; on the right-
hand side are adjusted TOA reflectances using a normalized departure

from monthly mean computed over the Libyan desert.

Figure 3: Spatial distribution of statistics between computed surface

albedos and sec(8s): (a) explained variances (%), (b) statistic significance at

the 99% confidence level (shaded areas).

Figure 4: Comparison of the present study surface downward estimates
and those of (a,b) Darnell, (¢,d) Staylor, (e.f) Bishop, and (g,h) Pinker during

January 1986-88 (left) and July 1985-88 (right).
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Figure 5: Comparison of the present study surface albedo estimates and
those of (a,b) Darnell, (c,d) Staylor, (e.f) Bishop, and (g,h) Pinker during

January 1986-88 (left) and July 1985-88 (right).
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Abstract

The temporal and spatial variability of the Surface Radiation Budget
(SRB) over the African continent has been studied using METEOSAT data
for the period 1983-88. Continental maps of land-surface albedo, global
solar irradiance and surface net radiation for the midseasonal months of
January, April, July and October are presented.

The results show that, except for the Sahel, the continental pattern bf
surface albedo does not exhibit a zonal character. The patterns of surface
albedo over the Sahara match the distribution of soils reasonably well,
indicating a strong dependence of surface reflectivity on soil
characteristics.  Substantial seasonal variations characterize the tropical

regions located south of 10°N.



1. Introduction

In part one of this article (Ba er al, 1996), we described a
methodology for deriving estimates of solar irradiance and surface albedo
using METEOSAT data and compared our results with those of other
investigators. Here in part II, the methodology is applied to studying the
radiation balance of the African continent.

The results have several potential applications because of the
importance of solar irradiance at the surface in driving the global climate
system. It is the primary energy source for the system and controls the
surface energy balance. It is also the key factor controlling primary
productivity of vegetation. For this reason, accurate estimates of surface
radiation balance are necessary for climate modelling. Likewise accurate
estimates of surface albedo are needed, particularly in General Circulation
Models (GCMs). Although GCMs require surface albedo estimates with an
accuracy of 0.01 to 0.05 on the monthly time scale, most GCMs currently
use inaccurate maps of surface albedo and/or adopt a tvpical albedo value.
for a given vegetation class. It would be preferable to map surface albedo
over long time periods, possibly over several spectral bands, and to
develop models of surface albedo variation as a function of vegetation type
and seasonal evolution. This can be done only via satellites.

For the African continent, albedo is of special interest because of the

hypothesis of Charney (1975) and others that increased surface albedo,



accompanying drought of human-induced desertification, might exacerbate or
even trigger drought. Numerous satellite estimates of surface albedo have been
made over West Africa (e.g., Norton et al. 1979; Courel et al. 1984; Pinty et al
1985; Pinty and Szejwach, 1985; Dedieu et al., 1987; Pinty and Tanré, 1987; Pinty
and Ramond 1987). Fewer estimates of continental scale albedo have been made,
notably those of Li and Garand (1994), Pinker and Laszlo (1992), and Darnell e!
al. (1992). While most have emphasized methodologies, Norton et al. (1979) and
Courel et al. (1984) have examined the seasonal and interannual variations in an
attempt to - evaluate Charney's Eypothesis.

The aim of this paper is to present temporal and spatial variations of
global solar irradiance and surface albedo over Africa as deduced from
satellite estimates for the period of 1983-88. A study of surface net
radiation is also presented using complementary data on surface net
longwave radiation estimates of Darnell er al. 1992, We first focus on the
regional and seasonal distribution of these three parameters. Then we
examine their interannual variability during the period of study using

longitudinal transects at 10°W and 19°E.

2. Data
Multi-year METEOSAT visible data and climatologies of vertically
integrated water vapor content (Tuller, 1968) and vertically integrated

ozone content (London et al. 1976) were used for the present study.



Surface net longwave radiation estimates of Darnell et al. (1992) were also
used to compute surface net radiation. The datasets of Darnell et al. (1992)
were mapped to the ISCCP equal-area grid with approximate dimensions of
278 km x 278 km (2.5° latitude x 2.5° longitude).  The global solar
irradiance and surface‘albedo obtained from METEOSAT were computed at
0.25° x 0.25° but we preferred to illustrate the maps at a 1° x 1° spatial
resolution to have a smoother field for easier analysis. To compute the
surface net radiation, METEOSAT products were degraded from 0.25 x

0.25° to match the 2.5 x 2.5° ISCCP grid boxes.

3. Temporal and spatial variability of surface radiation budget
Continental maps of land-surface albedo, global solar irradiance and
surface net radiation for the midseasonal months of January, April, July
and October are produced. Longitudinal transects at 10°W and 19°E are
also produced to study the interannual wvariability of the Surface Radiation

Budget (SRB) components during the period of 1983-88.

3.1. Seasonal variation of surface global solar irradiance
Figure 1 presents the continental distribution of the monthly mean
global solar irradiance at a spatial resolution of 1° latitude x 1° longitude

for the months of January, April, July, and October.



The January surface global solar irradiance (Fig. la) is characterized
by nearly a zonal distribution over northern Africa above 10°N with values
not exceeding 225 Wm-2. Between 0° and 10°N, values exceeding 250
Wm-2 dominate this region. The equatorial regions of southern Africa are
characterized by values ranging from 225 to below 200 Wm-2. Over
southwestern Africa (Namibia), the surface global solar irradiance exceeds

300 Wm-2.

During April (Fig. 1b ), peak values exceeding 300 Wm-2 occurred
over the Sahara. At the northern and southern Saharan boundaries, values
ranging from 275 to 300 Wm-2 characterized the global solar irradiance
field. @ The equatorial regions of southern Africa, with global solar
irradiance not exceeding 225 Wm-2, are marked by very little spatial
variation.

During July, the Saharan regions continue to represent high surface

global solar irradiance, which now exceeds 325 Wm-2 over the northern
Saharan - regions (see Fig. lc). Meanwhile, the surface global solar
irradiance  significantly decreases in Sahelo-Soudanian  regions, a
consequence of the increasing cloudiness associated with the migration of
the Inter-Tropical Convergence Zone (ITCZ) to the north. The pattern of
the surface global solar irradiance distribution is nearly zonal over these

regions with a relatively high north-south gradient. Values of surface



global solar irradiance lower than 200 Wm-2 arc now present over the
Guinea coast and over Cameroon. Meanwhile, in southern Africa, the

surface global solar irradiance reaches its low values of the year.

The global solar irradiance during October does not reach 300 Wm-2
(Fig. 1d). The maxima lie over Sahelian regions and in the southwest of
southern Africa. The lowest values are found over the equatorial regions

and the northernmost and the southernmost parts of the continent.

3.2 Interannual variability of global solar irradiance

The interannual variability of global solar irradiance is due to
variations 1in atmospheric conditions (cloudiness, water vapor and aerosol
content). Clouds are an especially important determinant of the downward
short-wave flux as they attenuate the incoming radiation.

Latitudinal transects of zonal variations of global solar irradiance for
January and July were used to analyze the variability during the period of
1983-88.  Fig. 2 represents latitudinal cross sections of monthly global
solar irradiance at 10°W (top) and at 19°E (bottom). On the left-hand side
is the January transect; on the right-hand side is the July transect.

A look at various latitudes shows that there is little interannual
variability of short-wave radiation during the dry season. Examples are

the area of approximately 5°N to 12°N in January and 10°S to 30°S in July.




Short-wave radiation is also relatively constant from year-to-year over the
Saharan region from about 18°N to 25°N, particularly during July. As to be
expected, there 1s considerable interannual variability during the wet
season in the respective hemispheres and conditions are more variable in
the southern hemisphere than in the northern. The most variable
conditions are in the areas of the ITCZ (e.g., south of 15°N at 10°W and
~around 5°N to 10°N at 19°E). Variability is also fairly high north of the
Sahara during the wet season in January.

Two features in these transects are particularly striking: anomalously
low values in January 1985 and 1988 over North Africa and in January
1984 in southern equatorial latitudes. The January 1985 anomaly runs

from about 12°N to 18°N: the difference between this and other Januaries

reaches a maximum of about 50 Wm-2 near 15°N. The analysis of the
monthly mean infrared image for January 1985 shows that the reduced
global solar irradiance is due to a persistent cloud band stretching from the
Atlantic coast of Senegal to the Mediterranean coast of Libya. This 1s
consistent with a transect drawn from Darnell er al (1992) estimates and
is probably likewise linked to winter cloudiness over the central Sahara in
association with such cloud bands or similar systems. The 1988 anomaly is
likewise apparent in the Darnell et al. data set and probably also

represents persistent cloudiness.



The January 1984 anomaly near 2°S to 12°S is more difficult to
explain, as is the generally high varability in these latitudes of year-round
rainfall, where the interannual variability of rainfall is generally small.
This does suggest rather marked interannual variability of cloudiness in
the southern equatorial latitudes during January, which is well within the

wet season in these latitudes.

3.3. Spatial heterogeneity of the surface albedo field

Figure 3 represents the continental distribution of the monthly mean
surface albedo (1983-88) at a spatial resolution of 1° latitude x 1°
longitude for four individual months, each representing a season. Similar
maps were also derived for each month of the year, but are not presented
here. These show a large range of albedo, from low values in equatorial
Africa that never exceed 0.20 to values exceeding 0.50 in some desert
regions of the subtropics. Values in the Sahel of West Africa exhibit a
strong zonal character, but this is generally not the case elsewhere over
the continent.

The most prominent features of the geographical pattern of surface
albedo are the maxima over the Sahara desert and the Kalahari desert.
These features are relatively invariant throughout the year. In four desert
regions, surface albedo reaches 0.50 during all or most of the year. These

are located in the eastern part of Mauritania at its border with Mali, the




central Algerian Sahara, the Ténéré desert located north-north west of
Lake Chad, and the Libyan deseri. In general, the pattern of surface
albedo over the Sahara matches that of soil distribution, as shown by the
FAO (1977) Soil Map of the World. This indicates a strong dependence of
surface reflectivity on soil characteristics.

Over West Africa, from the southern Sahel near 12°N to the central
desert regions of Mali and Mauritania, our estimates range between about
0.20 and 0.50, being somewhat lower in July than in January. Within this
same area, the estimates of Pinty and Ramond (1987) range from about
0.20 to 0.50; those of Li and Garand (1994) from 0.15 to 0.45. In the
northern Sahelian zone from 18°N to 20°N and 2°W to 10°W, our albedo
averages are 0.45 for January and 0.44 for July, compared to 0.44 and 0.46
estimates for February and July, 1979, by Pinty and Ramond (1987).
These are also in relatively good agreement with early assessments by
Courel et al. (1984) (ranging from (.40 to .50) and Rockwood and Cox
(1978) (0.42 or greater), based on METEOSAT and SMS data, respectively.
Of note is the strong gradient in surface albedo, with values increasing
from 0.20 to 0.40 within 5 degrees of latitude over the western Sahel.

For the Sahelian region, our results can be directly compared with
previous estimates using specific point comparisons for three intensively
studied locations in Burkina Faso (Table 1). The studies used for

comparison are those of Pinty and Tanré (1987), Deschamps and Dedieu



(1986), and Pinty and Ramond (1987). Pinty and Tanré (1987) used
measurements of surface global solar radiation together with METEOSAT
radiances to derive mean albedo on 18 February and 2 July 1979. Pinty
and Ramond.’s (1987) values correspond to surface albedo estimates
corrected for atmospheric and angular effects using METEOSAT data
obtained near the local noon on 18 February and 2 July 1979. Deschamps
and Dedieu's values correspond to reflectances computed at 11.30 TU.

Generally, our values agree well with those obtained by all three
investigators mentioned above (Table 1). Our February values are
somewhat higher than those obtained by Pinty and Ramond at Dori and
Ouagadougou. During July, our estimates are generally lower than those
obtained by the others for Ouagadougou and Fada Ngourma. Although our
estimates and those of Pinty and Ramond are made for different years,
they are the most comparable because both represent the daily mean
surface albedo. Those obtained by Deschamps and Dedieu and those of
Pinty and Tanré correspond to surface albedo obtained at one point in time
near the local noon.

In equatorial regions, from 10°N to 10°S, our values are generally on
the order of 0.14 10 0.20 in both January and July, and are in good
agreement with those of Li and Garand (1994). Over southern Africa, our
estimates range from 0.15 to 0.30 over most of the region, likewise 1in

agreement with the results of Li and Garand (1994). Thus, the surface
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albedo over the semi-arid portions of southern Africa is significantly lower
than over the equivalent regions of northern Africa. The spatial gradients
of albedo are also comparatively weak, the maximum being a change from

0.15 to 0.25 within 10 degrees of latitude in the far southwest.

3.4 Seasonal variability of surface albedo

During January (Fig. 3a), the northern equatorial regions located
between 0° and 12°N are marked by surface albedo below 0.20 with a
minima lower than 0.15 centered over the Central African Republic.
Values exceeding 0.15 dominate the southern equatorial regions. In April
(Fig. 3b), the pattern of surface albedo in West Africa does not change
significantly, while in the southern equatorial region values below 0.15
appear over the Congo basin. During July (Fig. 3c) values below 0.20
characterize part of West Africa located south of 10°N, except two sectors
of values above 0.20 over the southeastern Ivory Coast and another
located over southeastern Guinea.  Values below 0.15 now dominate in the
Congo basin and over coastal regions of southeastern Africa.  During
October (Fig. 3d), values below 0.20 still dominate western Africa except a
sector located over southeastern Ivory Coast.

Bi-directional effects due to changing solar geometry are minimized
by the normalization of data by the directional function (see the

companion paper of Ba et al. 1996). Therefore most of the seasonal
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changes in surface albedo in vegetated regions are due to changing plant
phenology.  However, over West Africa, bush fires also contribute to
lowering values of surface albedo during the dry season (see Leroux et al.
1964).

Both these seasonal changes and the latitudinal variations in albedo
are underscored in the transects in Figs. 4 and 5. The former shows
longitudinal transects of surface albedo for four months at 10°W and 19°E,
respectively. The latter provides a map of seasonality index (S) of surface
albedo, defined as:

S = 100(Asjui - Aspes)/ Asjes (1)
where As;,; and Asg, rtefer to July and February surface albedo,
respectively.

For the transect at 10°W seasonal variations are readily evident for
the region located below 12°N. During January and April, the surface
albedo slightly exceeds 0.15, while it reaches 0.20 during July and October.
The seasonal cycle approaches 0° near 12°N, then reverses further north.
Surface albedo abruptly increases from 0.25 to 0.50 from 15°N to 18°N,
showing a broad maximum centered around 20°N. From there northward
to 28°N, it shows a relatively steady decrease to about 0.30. A secondary
maximum appears, however, near 2353°N. Overall, the amplitude of the

seasonal cycle of albedo is large from about 18°N to 22°N, although there is



little change in vegetation cover in this sector during the course of the
year.

The transect at 19°E is interesting because it allows one to compare
the gradients of surface albedo between the arid and semi-arid regions of
northern and southern hemisphere regions. In the southern hemisphere,
surface albedo decreases steadily from arid to tropical regions, ranging
from ~ 33% at about 25°S to ~15% throughout the equatorial latitudes from
c. 15°S to 0°. In the northern hemisphere, surface albedo is likewise about
10% in the equatorial latitudes, but it increases sharply from 10°N to a
maximum of nearly 50% around 15°N to 17°N. It decreases to about 35%
from about 20°N to 24°N, then increases to over 50% further north. The
sharper gradient in the northern hemisphere corresponds to a steeper
rainfall gradient; the lower albedo over the southern hemisphere
corresponds to a denser vegetation cover and wetter climate, with no

desert region equivalent to the Sahara.

More difficult to explain are the desert areas with relatively high

seasonal variability and the minimum in surface albedo at c. 20°N - 24°N

at 19°E. In the former case, we suspect that the apparent variability 1s
produced by the seasonal fluctuations of atmospheric aerosols. Near 10°W,
aerosol content is greatest in July (N'Tchayi Mbourou er al. 1996) and is
consistent with the relatively low albedo in July. It is also greatest in the

central and southern Sahel, accounting for the greater seasonal contrasts
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at about 18°N to 22°N than in areas further north. At 19°E aerosol content
is lower than further west but likewise has a maximum in July, accounting
for the lower seasonal variation over the desert in this transect.

The secondary minimum in this transect at c. 20°N - 24°N is probably
related to the Tibesti massif. Vegetation is somewhat higher here, as
rainfall is significantly higher than in the surrounding lower plain. The
topography itself might also influence the apparent surface albedo and the
aerosol effect here is lower than elsewhere in the Sahara and Sahel.

Overall, a somewhat surprising picture of surface albedo emerges
from these transects. At both 10°W and 19°E, the seasonal variation of
surface albedo reverses north and south of about 13°N and 10°N,
respectively. To the north, minimum surface albedo corresponds to the
wet season, maximum albedo to the dry season, as would probably be
anticipated. However, the opposite is true to the south, with higher
surface albedo during the wet season. In the southern hemisphere,
maximum albedo also coincides with the wet season with the minimum
occurring at the end of the wet season and during the dry season.

The seasonal cycle is summarized in Fig. 5, showing the seasonality
index §. Several general patterns are apparent. First of all, the amplitude
of the cycle is largest in the subtropical latitudes, which experience well-
defined dry and wet seasons. It is lowest in the equatorial latitudes, with

nearly year-round rainfall, and in the desert regions of southwestern
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Africa. Further evident is a reversal in sign at 10°N to 13°N and 0° to 4°N.
This is consistent with the results described above in the transects and
shows that in the Sahel, dry season albedo 1s higher than wet season
albedo, while in equatorial regions and the southern hemisphere the
opposite 1is true.

The explanation for the above pattern is not readily apparent, but it
may relate to the peculiar spectral signature of vegetation, with vigorous
green vegetation having a very high albedo in the infrared wavelengths
(Dickinson 1983). This would mean that in the case of a reasonably sparse
cover with considerable bare ground exposed, albedo is high during the
dry season with maximum exposed soil and minimum soil moisture. Such
a situation occurs in the Sahel, where dry-season brushfires may further
enhance this effect. For a region with relatively dense cover, the vigor of
the vegetation would govern the albedo, with the infrared effect being
dominant and producing high albedos during the growth season. This is
clearly the case in wet equatorial latitudes with forests and relatively
dense woodlands. It is probably true of the southern subtropics as well,
since vegetation density there is considerably higher than in the Sahel,

despite similar conditions of rainfall (Nicholson and Farrar 1994).



3.5 Interannual variability of surface albedo

The interannual variability of surface albedo reflects changes in
surface properties, particularly in vegetation cover. Thercfore, one may
expect larger variability in regions, such as the Sahel, where the
interannual wvariability of rainfall is much higher than elsewhere on the
continent. In contrast, one should expect a lesser interannual variability
over the Sahara.

Figure 6 illustrates interannual variability of surface albedo for
January 1984-88 (left-hand side) and July 1983-88 (right-hand side) for
latitudinal transects at 10°W (top) and at 19°E (bottom).

These transects do not show the anticipated patterns of surface
albedo. The Sahelian region (c. 12°N - 17°N in the west, 11°N to 15°N in
the east) there is a relatively high degree of interannual variability, but it
1s no larger than in the lower latitudes or in the equivalent latitudes of the
southern hemisphere. Also, the interannual variability 1is relatively large
throughout the southern hemisphere during both July and Januvary. This is
a puzzling result because July rainfall is virtually zero in all years south of
10°S or 15°S and the vegetation index also shows only weak interannual
variability in these latitudes. The high degree of interannual variability
over the latitudes of the Sahara is likewise surprising but might be

attributed to year-to-year changes in asrosol content.
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The variability in~ the desert 1s generally less than 5 % of the monthly
mean. In contrast, in tropicul regions located between 15°N and 15°S, the
relative variations are large in comparison to monthly mean (Fig. 6). The
differences between the maximum and minimum observed values reached
c. 0.035 for a mean surface albedo of about 0.20, which represents 15% of
the regions located between 5°N and 10°N during July. In equatorial
regions, this difference reaches 20% of the mean value of the surface

albedo, which is approximately 0.15 for July.

3.6 Seasonal variation of surface net radiation
To study the seasonal and interannual variations of net radiation, we
completed our surface radiation estimates with longwave radiation

estimates of Darnell et al. (1992).

Figure 7 shows the continental distribution of the monthly mean
surface net radiation at spatial resolutions of 2.5° x 2.3° for the individual
months of January, April, July, and October. As expected, the pattern of
net radiation shows that over northernmost and southernmost Africa the
minimum (less than 25 Wm-2) occurs in January and July, respectively.
This results from reduced incoming solar radiation during January over

northern Africa, and during July over southern Africa.
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The pattern  of net radiation shows that the maximum (more than
150 Wm-2) occurs over the equatorial regions located between 10°N and
10°S. Values higher than 150 Wm-2 dominate the April field over these
regions (Fig. 7b) with a peak maximum of 175 Wm-2 over the Guinea coast
and Cameroon. During July, the peak maximum, exceeding 150 Wm-2,
moves toward the north and is centered around 10°N. During October,

peak of maximum values exceeding 150 Wm-2 are located in  the

equatorial regions (Fig. 7d).

3.7 Interannual variation of surface net radiation

The interannual variability of the net surface radiation reflects that
of both the net global solar irradiance and the net longwave radiation.

Figure 8 illustrates the interannual variability of surface net
radiation during January 1984-88 (left-hand side) and July 1983-88
(right-hand side), corresponding to latitudinal transects at 10°W (top) and
at 19°E (bottom).

For January, the latitudinal variation of the surface net radiation is

very similar to that of the surface global solar irradiance at 10°W. The

values during 1985 are as low as 25 Wm-2, lower than other Januaries for
regions located between 12°N and 20°N. This was the case for the surface

global solar irradiance. Important fluctuations are present on the 19°E
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rransect  for January over southern Africa, cspeciazlly around 10°S.  In
contrast. north of 5°N, the net radiation shows lhule interannual variability.

During July, variations of the surface net radiauon from one year to
another are generally small for the 10°W transect, except for 1988. Values
of the surface net radiation are generally much higher during July 1988
than any other year, especially between 15° and 25°N at 10°W. These high
values are due to much higher values of net longwave radiation estimates
of Darnell et al. (1992) (not shown here). These systematic high estimates

of net longwave radiation during July 1988 are questionable.

4. Conclusion

Overall, neither the seasonal cycle nor the interannual variability of
surface albedo or surface irradiance conform to those anticipated from
regional climate dynamics. In some cases, the explanation appears to lie in
the complex spectral signature of green vegetation. In general, however, it
appears that both variability of aimospheric constituents, particularly
aerosols, and calibration problems introduce errors in the seasonal cycle
and in year-to-year fluctuations. These problems must be overcome if
satellite methods are to be used to study interannual variability of surface
radiation balance on a continental scale.

Two patterns are relatively clear, however. One is that the seasonal

changes within a climatic region are relatively small compared to the

19



contrast between regions of diverse climate. Secondly, both the seasonal
and interannual changes are small compared to those required for surface
albedo changes to influence rainfull variability or the occurrence of

drought.
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Table 1: Mean Surface albedo over three dJdifferent sites in Burkina Faso

Sites Pinty Deschamps Pinty This Study
Ramond and Tanré
(1987) Dedieu(1986) [(1987)
Feb. Jul. Jul. 83 1Jul. 84{Jul. 79 Feb.
79 84
Dori 0.34 10.29 |0.26 |0.26 [0.29 0.37
(14.05N,0)
Ouagadougou {0.25 |0. 0.21 0.21 0.23 0.29
(12.42N,0)
Fada 0.24 |0.23 0.20 10.20 |0.22 0.25
Ngourma
(12.06N,0.4E)




CAPTIONS

Figure 1: Distribution of globul solar irradiance (Wm'z) for (a) January, (b)

April, (c) July, and (d) October .

Figure 2: Interannual variation of global solar irradiance (Wm-2) for

north-south transects at 10°W (top) and at 19°E (bottom) for January (left)

and July (right).

Figure 3: Distribution of surface albedo (%) for (a) January, (b) April, (c)

July , and (d) October.

Figure 4: Seasonal variation of surface albedo (%) for north-south transects
at 10°W (top) and at 19°E (bottom) for the midseasonal months of January

(solid line), April (dotted line), July (dashed line), and October (dashed-

dotted line).

Figure 5. Seasonality index (S) of surface albedo. S expressed in percent,
represents the difference between values of July and February normalized

by that of February.



Figure 6: Interannual  variation of surface albedo (%) for north-south
transects at 10°W (top) and at i9°E (bottom) for January (Jefi) and July
(right).

Figure 7: Distribution of surface net radiation (Wm-2) for (a) January, (b)

April, (c) July , and (d) October.

Figure 8: Interannual variation of surface net radiation (Wm-2) for north-
south transects at 10°W (top) and at 19°E (bottom) for January (left) and

July (right).
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ABSTRACT

The climate of West Africa, in particular the Sahel, is characterized by multivear persistence of anomalously
wel or drv conditions. Its Southern Hemisphere counterpart. the Kalahan. lacks the persisience that is evident
in the Sahel even though both regions are subject 10 similar large-scale forcing. It has been suggested that land
surface~aimosphere feedback contributes 10 this persisience and 10 the sevenity of drought. In this study, surface
energy and water balance are quantified for nine stations along a latitudinal transect that extends from the
Sahara to the Guinea coast. In the wetter regions of West Africa, the difference between wet and dry years is
primarily reflected in the magnitude of runofl. For the Sahel and drier locations, evapotranspiration and soil
moisture are more sensitive 10 rainfalj anomalies. The increase in evapotranspiration, and hence latent heating,
over the Sahel in wet vears alters the thermal structure and gradients of the overlying aimosphere and thus-the
strength of the African easterly jet (AEJ) a1 700 mb. The difference between dry and wel Augusts corresponds
1o a decrease in magnitude of the AEJ at 15°N on the order of 2.6 m s™', which is consistent with previous
studies of observed winds.

Spatial patterns were also developed for surface water balance parameters {or both West Africa and southern
Africa. Over southern Africa, the patterns are not as spatially homogeneous as those over West Africa and are
lower in magnitude, thus supporting the suggestion that the persistence of rainfall anomalies in the Sahel might
be due, at least in part, 10 lJand-atmosphere feedback, and that the absence of such persistence in the Kalahari

is a consequence of less significant changes in surface water and energy balance.

1. Introduction

Durning the past decade, the African continent has
been anomalously dry (Fig. 1). Two of the most se-
verely affected regions are the semiand Sahel of West
Africa and its Southern Hemisphere counterpart, the
Kalahari. The rainfall fluctuations in both regions are
correlated on the scale of decades and, somewhat less
so, for individual years. One notable difference is ap-
parent, however, in the year-to-year persistence of the
anomalous rainfall. In the Sahel, the duration of dry
or wet episodes is on the order of one or two decades.
Rainfall has not exceeded the mean since 1969 (Fig.
2). In contrast, rainfall exceeded the mean in everv
vear from 1950 1o 1959. Although on the average rain-
fall has been abnormally low in the Kalahan during
most of the same period and anomalously high in the
1950s, the remarkable persisience so readily apparent
in the Sahel series is lacking in the Kalahar. In the
latter region, no sequence of “‘wet” or “dry” vears is
longer than 4 or 5 years.

We are hypothesizing that the persistence in the
Sabe} 1s a manifestation of land-atmosphere feedback,
invoked by the changes of surface energy balance in-

Corresponding author address: Dr. Andrew R. Lare, Applied Re-
search Corporauon, NASA GSFC (Code 913), Greenbelt, MD 20771.

© 1994 American Meteorological Society

duced by anomalously high or low rainfall. A corollary
10 this hypothesis is that drought or wet years are trig-
gered by large-scale factors in the general atmospheric
circulation and/or over the global oceans, acting syn-
chronously in the Sahel and the Kalahari. According
to this scenanio. the land surface changes induced by
the anomalous rainfall (e.g., vegetation, albedo, tem-
perature, soil moisture) would reinforce the aimo-
spheric conditions that produced the anomaly in the
Sahel. This would prolong and intensify drought or
wet conditions. The absence of such interannual per-
sistence in the Kalahari would then suggest that either
the land surface changes are too small in magnitude
or spatial extent to have significant feedback on the
overlying atmosphere or that the systems that produce
rainfall in southern Africa are relatively insensitive to
land surface characteristics and processes.

In this study, we examine this hypothesis by assessing
the surface water balance for wet vears and dry years
for representative stations in both regions. The cli-
matonomy model developed by Lettau (e.g., Lettau
1969; Lettau and Baradas 1973) is used to calculate
soil moisture, evapotranspiration, and runoff for the
mean conditions of the 10 wettest and 10 driest vears
at each station. The model is forced by precipitation
and incoming solar radiation at the top of the atmo-
sphere. The model is then adapted 1o produce mean
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FI1G. 1. Mean rainfall for the decade 1980-89 expressed as a percent
departure from the long-term mean (i.e., the mean for the entire
iength of record, commencing in 1901 or as soon thereafier as rainfall
observations begin). Station data are averaged over 1° squares 10
facilitate presentation. Boxed areas indicate regions of interest in this
study.

spatial fields of the relevant variables for the 10 wettest
and 10 driest years in both regions. The modifications,
described in section 2d, facilitate data input for a large
number of stations.

The stations and analysis regions are shown in Fig.
3, together with isohyets of mean annual rainfall. The
nine Sahelian stations (Fig. 3a) were chosen 1o repre-
sent the north-south rainfall gradient from the Sahara
1o the Guinea Coast. They run roughly along a north-
east—southwest transect, which shifts abruptly to the
west at about 8°N, in order to bypass the anomalous
dry zone (Trewartha 1961) of southern Ghana. Six
Kalahari stations ( Fig. 3b) were chosen to npify a range
of conditions. The range is smaller than in the Sahel,
however, because in selecting appropriate stations, we
limited choices to regions that exhibit significant con-
trast in rainfall between the 10 wettest and 10 dnest
years for the Kalahari as a whole.

2. The climatonomy model
a. Overview

The model used in this study is an adaptation of the
Lettau three-part “‘climatonomy” model that was de-
veloped in the late 1960s (Lettau 1969; Lettau and
Lettau 1969, 1975). Climatonomy was conceived as a
regional-scale model of surface energy and water bal-

OF

ClLIMATE NOLLU Mt T

CENTRAL SAHEL |
I r T i

0 H'l‘g!k' - j“‘””%ﬂﬁ{:ﬂfﬂ”“ :‘_‘H!’ilﬂL.»nwL, - J
ey Y I L - 9: e dj“‘}H
S > R

-2 “
1801 3611 1621 1831 1641 1651 1061 1671 1881 1991

Fi1G. 2. Rainfall fluctuations in the West Afnican Sahel (1901 10
1990) expressed as a regionally averaged standardized depanure (de-
parture from the mean divided by the standard departure).

ance, and it has been applied 10 a number of geographic
locations. Recently, the climatonomy model has been
used to study surface water balance in the Great Plains
(Pinker and Corio 1987; Corio and Pinker 1987), the
West African Sahel (Nicholson and Lare 1990), and
areas of the United States (Lettau and Hopkins 1991).

The accuracy of climatonomic model output has
been venified in a number of experiments. Lettau
(1969) applied the model to several areas in North
America using observed data encompassing several
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FIG. 3. Map of stations used in the study and isohvets of mean
annual rainfall, in mm: (a) West Africa, (b) the Kalahari and sur-
rounding regions.
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vears and found general agreement botween monthh
observed and calculated runoff. evepotranspiration.
and soil morsiure values, Lettau and Baradas (19730
apphed the model 10 the Mabacan River watershed in

the Phihippines for o 12-vr period. Annual averages of

observed runeff were found 10 be correlated at the 0.89
level with caiculations. and monthhy evapotranspira-
ton calculations also compared well with empirical
data for the region. Corio and Pinker (1987 ) tested the
vahdity of the model on shorter temporal and smaller
spatial scales than the climatic scales associated with
previous studies. conducting an expeniment for the state
of Kansas as well as for several smaller individual wa-
tersheds. Calculated runoff compared well with ob-
served values when the entire state was considered. re-
sulting in phase differences of less than | month and
similar amplitudes. Nicholson and Lare (1990) found
good agreemen! with observed soil moisture and other
parameters in the Sahel.

The model consists of three subunits: shortwave ra-
diation chmatonomy, evapochimatonomy. and ther-
moclimatonomy (Lettau 1969: Lettau and Lettau
1969, 1975). The shortwave radiation submodel 1s used
to calculate ground-absorbed solar radiation from in-
coming solar radiation { Lettau and Lettau 1969: Lare
and Nicholson 1990). Absorbed solar radiation in
combination with rainfall forces the evapochmaton-
omy submodel. which in turn predicts monthly mean
evapotranspiration (E), runoff (N). and soil moisture
(m). Precipnauon, evapotranspiration and ground-
absorbed radiation provide input to the third submodel.

In this study, only the evapoclimatonomy submodel
1s used. However, its input includes ground-absorbed
solar radiation. which was calculated with the short-
wave submodel. The evapochmatonomy submodel 1s
described in section 2c¢. while details of the shortwave
model are summarized in section 2b and presented in
Lare and Nicholson (1990). The shortwave model re-
sults for the locations described in this article will ap-
pear in a sequel concerned with surface energy balance.

b. Shortwave radiation climatonomy

In the shortwave radiation submodel, extraatmos-
phenc irradiance 1s used as the forcing function. Five
governing equations partition the incoming solar ra-
diation into basic energy balance components and
provide a description of the physical relationships be-
tween them. The five equations for clear skies relate
1o absorpuon by the atmosphere H*. planetary albedo
A*, diffuse radiation d*. and ground absorption (!
~ a;)G* where a, 1s surface albedo and G* is global
radiation:

I — 4% = H*+ (1 —a)G* (1)
1 -G+d*=a+c¢ (2)
A* = po + (1 = a)a,G*() — ko) (3)

N
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The parameters a and « denote that pan of the solar
beam which 1s absorbed and scattered. respectuively,
while g and « represent the fraction of radiation thut
1s effectively scattered back 10 space and the backscat-
tening of ground-refiecied radiation. Contributions by
clouds are assumed 10 be additive for absorption pro-
cesses and distributive for scattering processes. A more
complete discussion of the governing equations and
necessary parameterizations may be found in Letiau
and Lettau (1969) and Lare and Nicholson (1990).

¢. Evapoclimatonomy

The evapoclimatonomy submodel 1s in essence a
numerical solution to the integration of the basic hy-
drologic balance equation

P=E+ N+ dmjd. (6)

where Pis rainfall. £ 1s evapotranspiration. A is runoff,
and dm/dr is the change in soil moisture storage. Three
basic assumptions, which are paramount 1o the model’s
simplicity. are described below. The onginal model
appeared 1in Lettau (1969).

The basic premise of the model is as follows:

1) For a stationary climate the long-term mean of
dmi/dr 1s zero. that is. there 1s no net change in soil
moisture storage. Thus

P=E~+ N. (7)

In general. this assumption is most valid for the larger
regions and the longer ume periods.
2y Evapotranspiration and runoff can both be par-
tivoned into yimmediate and delaved processes:
E=E+F
N= N+ N",

(8)
(9)

where the single primes denote “immediate” processes
occurring in the same month as the rainfall and the
double primes denote runoff and evaporation of rain
that fell in previous months. The phyvsical rationale for
assumption 2 is the need 1o disunguish between the
uime variauons of £ and N coupled with concurrent
precipitation and those supplied by subsurface mois-
ture. which is dependent on rainfall from previous
months.

3) The delaved processes of runoff A" and evapo-
transpiration E” vary directly with soil moisture m such
that

N(1) = N'm(1)/m (10)
E"(lﬁ)=f"m(1)/n'1. (11)

Equations (8) and (9) allow for the definition of a
quantity called ‘‘reduced precipitation™ (P'). which
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represents the ameunt of the mass input that 18 not
lost by surficizl processes of immediate runofi’ and
evapotranspiraton znd thus is avaitable for soil mois-
ture storage. Therefore,

P=pP-N-F (12)

In view of the preceding discussion. the soil moisture
storage term is reduced 1o

amjdi = P —(N"+ E"). (13)

The above equation (13} is solved using two empirical
concepts, “evaponvity” ¢* and ‘“residence time” *,
which are subsequently defined and used 10 partition
the immediate and delaved processes.

The sum of equations (10) and (11) vields an equa-
ton that defines a new characteristic dimensional pa-
rameter:

N+ E"=(N"+ EYm/m=m/t*, (14)

where t* = m/(N" + E’) denotes a ime interval most
conveniently expressed in months. Phvsically, r* can
be interpreted as a “‘residence time™ or ‘‘turnover pe-
riod” that is charactenstic of a basin and signifies the
uime required for a volume of water equal 10 the annual
mean of exchangeable soil moisture 1o be depicted by
the *“‘delaved™ processes of runoff and evapoiranspi-
ration. The actual value of 1> is a function of soil type
and the potential evapotranspiration rate (PET ). with
higher PET values resulting in lower residence times.
Residence time (Tabie 1) is calculated afier Serafini
and Sud (1987) as a function of PET, the wilting point
(m.,, the point at which the vegetation cannot absorb
enough moisture 1o sustain itself and begins to wilt),
and field capacity (n1,.), so that

Ay
v :*":r—*’ (13)
where
a,
A= pp—— (16)
and
y=1—e"" (17)

In the above equation. a, accounts for variations in
vegetation type. According 1o Serafini and Sud (1987),
«, may have a value from 16 to 20 for forest vegetation
types, while 2 value of 2 may be more appropniate for
desert vegetation. Mintz and Serafini (1984 ) suggested
using a, = 6.81 10 cover most vegeiation types. Wilting
point and field capacity are determined afier Saxton
et al. (1986) as 2 function of soil type (i.e.. percent
sand and clay content). Finally, PET is taken from
FAO (1984) and determined using a modifed version
of the Penman formula.

The parametenization of immediate processes is
likewise achieved using proportionalities based on the

O}
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Takr: 1o Mean annugd preaipazuon (7)) range of sod mosture
restdence umes. and immediate rencd for West Afnican end southern
Armcan dase stanons used in this s1ody.

Station 2 {mm) 1* (months) N (mm)
West A
Bilma 17 0.9-1.5 O
Agaoez 145 0.8-1.4 a6
Tahoua 384 0.4-0.7 6
Niamey s8¢ 0.5-0.9 19
Gava 8§34 1.2-2.0 127
Manzgo 1084 1.5-2.1 3i2
Sokode 1373 1.8-2.7 486
Man 1702 1.6-2.2 769
Tabou 2318 1.7-2.4 1234
Southerr: Africa
Windoek 327 1.4-4.2 56
Postmasburg 333 0.6-2.9 ]
Ghanz 429 0.7-2.8 3
Maun 473 1.1-3.2 0
Bulawavo 567 0.7-1.7 8§
Livingsione 739 1.7-4.2 10

annual balance equations. For immediate evapotran-
spiration (E')., Lettau (1969) defined an additional
charactenistic parameter (¢* ). termed the “evaporiv-
ity,” which 1s applied in the following equations:

E'(ty=¢e* P(1 —a)G*/ () — a,)G*
E' = ¢e* P,

(18)
(19)

In the above. (1 — a,)G* and (1 — a,)G* are the
monthly and annual “forcing functions,” that is, energy
input via absorbed solar radiation. Thus, e* is a non-
dimensional measure of the capacity of the land surface
10 use a portion of the monthly solar radiation to evap-
orate precipitation received during the same month.
Tentative evaluations by Lettau (1971) and others have
suggested that e* will normaliy be between 0.2 and
0.8. Lettau chose a value of 0.7 for New Delhi, a semi-
and subtropical climaie with summer rainfall. com-
parable to most of our study sites.

In the study of the central Sahel by Nicholson and
Lare (1990), caiculations were simplified bv assuming
N = 0. which is generallv the case in semiand regions
(Eagleson and Segarra 1985). In order 10 more accu-
rately treat immediate runoff. an approach ornginally
proposed by Milly and Eagleson (1982) and adapted
by Warrilow (1986) has been used in the current study.
In essence, immediate runoff (Table 1) is a function
of mean monthly rainfall rate. mean monthly infiltra-
tion rate, and a proportionality constant based on the
average fractional area of z grid or region in which
precipitation occurs, such that

]\n — Pe-—aF/P

il

(20)

Furthermore, immediate runoff calculations are treated
like observations. and therefore. represent a loss of ef-
fecuve rainfall input into the model. Rainfal] rate is
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determined using hourly svnoplic observations and
daily precipiiation records. Infiliration rate, assumed
mvanani {(Warmjow 1986 ). 1s represented as a function
of the hyvdrauhic conductivity, Hydraulic conductivity
15 determined by soil moisiure content (immediate top
soil surface 1s assumed 10 be saturated while infiltration
occurs). and by soil type {1.e.. sand and clav content)
following Saxton et al. {(1986). This rate. which 1s for
bare ground, 1s modified by vegelation density and
structure and ground cover as in Rawls et al. (1989).
Rawls and Brakensick (1989). and Wilcox et al.
(1990). In general, infiliration rates are higher for soils
with high sand content and lower for clav soils. They
are also higher for soils where vegetation canopy.
ground cover, surface rocks, or leaf litter are present
(Gifford 1984). Finally, the proportionality constant
o 1s assumed 10 be 0.66 for convecuve rainfall after
Eagleson et al. (1987).

Runofl is calculated as a function of the gravitational
drainage of existing soil water and the surface runoff
due 10 precipiation exceeding infiltration rate (War-
nlow 1986). The annual mean delaved runoff N” is
determined using Saxton et al. (1986). In doing so, 1t
1s assumed that there is a single laver of soil with spa-
tiallv homogeneous soil moisture; that 1s, horizontal
movements of water are neglected. Gravitational
drainage varies with soil tvpe. with larger values for
coarser soils and smaller ones for fine-grained soils. It
also increases with increasing soil moisture. Surface
runoff is calculated as a function of the surface infil-
tration rate and is affected by the spatial vanability of
rainfall. The use of a proportionality constant accounts
for the fact that although the entire region may expe-
rience total rainfall that is below the threshold for run-
ofl, 2 certain percentage of the area may receive
amounts great enough 1o produce runoff in individual
locations.

The concepts described above transform the basic
budget equation (6) into

P—~E —-N=FE'+ N +dm/dl (21)
mji* +dmj/d. (22)

Subtracting the annual average of all terms from the
above equation (22) vields

p(y=(m—m)/t*+d(m—-m)/di, (23)

where p' stands for the time senies P — E' — A’
— (P — E'—= N"). The ordinarv differential equation
15 solved by

m—m= e"”'[consx + { e”"p'dl}, (24)

where “‘const” denotes an integration constant that is
determined by the requirement that the bracketed value
(i.e.. the annual mean) of the nght side must vanish
for a siable climate. This equation is solved using step-
wise integration, starting with an assumed initial value
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{m,) of soil morstere. In 2stable chmuate. the value for
the 13th moni (0 1) must cqual 2. The procedure
is iterated unti! reasonable agreement occurs. that s,
until (2 — r5) < 0.005 mm. Usually only two or
three iteratians are necessary.

d. Adaprations for deriving spanial nelds

Derivation of spatial patterns of the surface water
balance parameters requires more detail than that pro-
vided by the nine West African and the six southern
African base stations in the analyses thus far described.
To produce the spatial fields, additional stations were
selected from the rainfall archive. Each was grouped
with the base station most climatically similar to it
Ancillary daia for the appropriate basc station were
then used for each station in the group. However, local
information on rainfall. vegetation. and soi} type was
utilized for each station in the network; thus permitting
reasonable approximation of spatial fields for wet and
drv vears, while keeping the required additional data
input 10 a minimum. Thus. the model was run for
each station using input for the appropriate base station
together with the precipitation, soil type. and vegetation
type at the station itself.

3. Data and climatic background
a. General climaiology

This study focuses on the semiarid Sahel and Kala-
hanr regions of Afnca, and regions in geographical
proximity. The Sahel has been defined in numerous
ways in the literature. In the stnictest sense, it is the
latitudinal belt south of the Sahara, composed of sa-
vanna vegetlation and with rainfall ranging from about
100 mm vr~' in the north to about 400 mm yr~' in
the south. Here. the term ““Sahel!™ is loosely used to
denote the whole semiarid zone south of the Sahara 10
a latitude of roughly 12°~13°N. Mean annual rainfall
ranges from about 500 mm vr~! in the north to 1200
mm yr~' in the south (Fig. 3a). In this region, the
rainy season. which is limited to the summer or “*high-
sun’’ season. becomes increasingly shorter with in-
creasing latitude. ranging from about 1 10 3 months.
In the Kalahari, the rains likewise occur in the high-
sun season and last about 510 6 months. In most areas.
mean annual rainfall {Fig. 3b) is on the order of 250
to 600 mm yr~'. Rainfall is well distributed over the
season, but strongly concentrated in the two or three
wettest months in the Sahel. Hence, peak monthly in-
tensity is greater over the Sahel, 200 10 300 mm mo ™’
compared 10 100 to 200 mm mo~' a1t most Kalahan
stations.

There are two other major climatic differences be-
tween the Sahel and Kalahan. First. as a consequence
of the Kalahari’s higher latitude. its radiation regime
is more typical of the midlatitudes than the tropics,
with a more pronounced annual march. This has im-
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plhicauons for the water balance, Ason contrast 1o the
Sahel. the rain-bearnng disturbances of the Kalaharn
are 10 some extent tropical/extratropicel hybrids, Ag
a result, some rains are nearly fronta! in nature, thus
being longer in duration and lower in intensiy than
thosc generally associated with tropics! systems. This
likewise affects the runoff and evaporation. and. hence.
surface water balance.

b. Forcing funciions of the model

The patierns of climate described azbove are illus-
trated in Fig. 4. which shows the major forcing func-
tions of the model: solar irradiance (the shortwave
model), ground-absorbed solar radiation. and precip-
itation (evapochimatonomy ). Exira-aimospheric solar
radiation is calculated from standard fermulas (Sellers
1965) using Founer senes—tvpe expressions for eccen-
tricity and the solar declination afier Spencer (1971).
Ground-absorbed solar radiation is calculated using the
shortwave submodel, as descnbed fullv in Lare and
Nicholson (1990). The rainfal] data derive from 2
continental archive described in Nicholson (1986).

Significant contrast is apparent between the Sahel
and the Kalahari. The increasing intensity and duration
of the Sahel rainy season from north 10 south (Fig. 42)
1s clearly evident, as is the change 10 a bimodal seasonal
distnbution south of the Sahel (i.e.. at Tabor, circa
10°N). The peak intensity reaches at least 200 mm
mo ™! in all but the driest stations. Ir the Kalahari.
high rainfall 1s maintained for a longer period, but it
barely exceeds 100 mm month ~! at anv but the wettest
station. In the Sahel, the portion of the extraatmo-
spheric solar insolation which is ultimately absorbed
by the ground 1s somewhat smaller than in the Kalahan
(Fig. 4b). In many Sahelian stations, ground-absorbed
radiation actually reaches a minimum dunng the rainy
season, as a result of cloud cover, and is somewhat
lower than the amount received in the Kalahan during
the rainy season. In the Kalahan, ground-absorbed ra-
diation reaches a maximum during the rainy season.

¢. Ancillary data

The input data required for model parameterizations
1n the shortwave model include atmospheric constit-
uents, aerosols, cloud cover, and surface albedo ( Table
2). Water vapor was obtained from FAQO (1984);
ozone, carbon dioxide, and oxygen were denved from
standard sources (Sasamor et al. 1972; Lacis and
Hansen 1974; London et al. 1976). Ravleigh scattenng
(Bird and Hulstrom 1981) was calculated from relative
optical air mass. afier Rodgers (1967 ). Monthly mean
cloud cover was obtained from Warren et al. (1986).
Although significant errors in ground-absorbed solar
radiation. on the order of 3% 10 9% in the dry season
and 10% 10 19% during the wet season (Lare and Nich-
olson 1990), occur as a result of a £20% error in cloud

amvount. the ceffec o1 these crrors on the evepo-
chmutonomy submodel ¢ primarily mamfesied as o
modulation in the amphiude of the annusl covele
(Nicholson and Lare 1990, Surface albedo wus taken
from global monthhy fizids denved by Dorman and
Seliers ( 1989 ) on the basis of vegetation type. Aithough
the grid for these 1s coarse. 4¢ > 5° sensiuvity studies
run 1n the model indicaie that albedo errors as large
as 20% resulied in soil moisture difierences of jess than
9% (Nicholson and Lare 1990). Acrosols were very
roughly estimated based on regressions relating rainfall,
visibihty, and turbidity.

Input daia required for the evapoclimalonomy sub-
model include vegetation cover, soil texture, potential
evapotranspiration (PET). and evapornivity ¢*. Vege-
tauion cover was dernived from Dorman and Sellers
(1989}. soil texture from FAO /UNESCO (1977). and
PET from FAQO (1984). Evaporivity was the most dif-
ficult parameter 1o quantifv. Tentative evaluations by
Lettau (1971) and others have suggested it will nor-
mally lie between 0.2 and 0.8, with 0.7 being tvpical
of 2 senuiarid subtropical climate with summer rainfall.
The values used here were determined empincally. us-
ing results of previous studies (Lettau 1971]: Pinker
and Coro 1987: Nicholson and Lare 1990).

4. Model results

The model is iniually run for each of the stations
shown in Fig. 2. The input vanables are assumed to
be representative of iong-term (i.e., muluvear) means.
The only highly vanable input parameiler is rainfall,
ancd the mean values used in the model are averaged
over the entire length of record at each station. In nearly
all cases. the period of record is from 1921 10 1984 or
longer. Thus. the model results represent averages for
an approximately 60-vr period. On this time scale, the
assumpuon of a siable climate (dm/dr = 0) i1s quite
reasonable.

Once the mean model output is derived, the model
1s rerun for each station. using as input for the “wet”™
case the monthly mean rainfall averaged for the 10
wetlest years at each station and for the dry case, the
mean for the 10 dnest vears. Other input parameters,
such as cloud cover and aerosols, remain unchanged.
Next, the model is adapied 10 derive spaual fields of
the major output vanables: ET. soil moisture, and run-
off. Simplifications incorporated in the model 10 facil-
i1ate this are described in section 2d.

The assumption of no systematic changes of cloud
cover from drv 10 wet vears was found 1o be true for
Niamey. a tvpical Sahehian station. This 1s due 10 the
faci that not all disturbance lines that traverse the region
are rain beanng; some are accompanied by nothing
more than an increase in cloudiness. Furthermore, the
difference between a wel vear and a drv vear is pnmarily
due 10 the occurrence, or lack thereof, of as few as one
or two intense rainfall events. The assumption of in-
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Figure & shows the results of the wet and dry cases
for Sahelizn stations. Mean rainfall for each period 13
given for each siation, together with modecl-calculated
soil moisture. evapotranspiration. and runofl. Except
for the 1wo southernmost stations. the reduction in
rainfall in the dry vears is essentially limited 10 the two
or three wettest months (July 10 September). This 1s
true even for stations with a considerably longer rainy
season. At the coast (Tabou). where two rainy seasons
are apparent, the later rainy season is most affected
during the dry vears. This includes the months of Au-
gust and September. which 1s also when rainfall 1s re-
duced at Sahelian stations duning the dry vears. At the
three stauions most comparable 1o the Kalahan (Ta-
houa, Niameyv. and Gava). maximum monthly rainfall
drops from about 200 10 300 mm in the wet yvears 10
about 100 1o 150 mm dunng the dry years. From
Agadez 10 Mango, maximum rainfall occurs in August
in both dry and wet vears.

At the northernmost stations. these changes are re-
flected primarily in evapotranspiration (ET) and soil
moisture. Evapotranspiration reaches about 10010 130
mm mo ! in the rainy season during wet vears (except
at Bilma) and so1] moisture at the same tume is on the
order of 75 10 200 mm. Both are reduced in the wet
season by about 50% in the dry vears. The changes. as
with rainfall. are most apparent from July to Septem-
ber. Soil moisture tends to peak about | month after
rainfall in both dry and wei vears, while ET peaks in
the same month as rainfall. It must be noted that the
soil moistures depicted in Fig. 5 represent the sum of
soil moisture available for evaporative processes and
that unavailable due 10 strong adhesive forces (i.e.. re-
sidual water content). For example, even though soil
moistures at Bilma are higher 1than those at some wetter
climates farther south. almost all of the soil moisture
1s residual and thus unavailable for evaporative pro-
cesses. Residual waier content is delermined afier
Rawls and Brakensiek (1989) as a function of percent
organic matter content. percent clay content. and cat-
ion exchange capacity: all of which are taken from
FAOQ/UNESCO (1977).

An interesting change occurs at Gava. where mean
annual rainfall is 829 mm. There. the change in ET
and soil moisture from wei 10 dry vears is considerably
smaller than farther north: south of Gaya they are vir-
tually invarniant. Instead. rainfall changes are mani-
fested primarnily in runoff. Also. from Gava southward
both ET and so1l moisture tend to peak 1 month after
rainfall. Another interesting change 1s apparent in going

southward i wets ‘«"\:",’;n:".j, seascon onegins to des
crease because of incrvasing runofll Maevmem monthh
values occur between about 129N end 127N (Gvato
Tahoua). During drv vearss the musinmum hes near
Muango and Sohode. sbout 99N 10 107N,

The contrast between wet and dry yveers at the Kala-
har stations is corsiderably different. Finst of alll rain-
fall 1s significantly reduced i dry yearsin 2 1o 6 months
{comparcd to 2 or 3 in the Sahel). Also. the month of
maximum rainfal! tends to shift from January 1in wet
vears to December or February in dny years. Asin West
Africa, monthly rainfall is about 0% lower durnng dry
vears,

Changes of ET and soil moisture are likewise ap-
parent in all months of the rainy season. At all six
stations. ET reaches about 75 10 100 mm mo ™~ " during
wet vears; soil moisture. about 30 to 130 mm. except
al Livingsione, where it reaches about 400 mm in the
wettest months. Both are reduced by roughly 50% dur-
ing dry vears. In general. ET and soil moisture are
higher in the Sahe) than in the Kalahan. The annual
march of ET parallels that of rainfall, but soil moisture
tends 10 peak 2 10 3 months afier rainfall at dner sta-
tions. ! to 2 months later at wetter stations. The timing
of maximum soil moisture shifts only shightly during
the drier vears. In general, runoff is Jow at the Kalahan
stations and is close 10 zero at all of them during dry
vears. Large changes of runoff occur primanly at the
two wettest stauons. Bulawavo and Livingsione. Pre-
sumably, this would be different if wetter stations
farther north were examined.

b. Spaiial panierns of hvdrologic variables in dry and
wel years

Figure 6a shows the difference between the ten wet-
test and ten drest vears in the Sahel. Values are given
for August, the wettest month. for rainfall. soil mos-
1ure, evapotranspiration. and runofl. In interpreting
the results. it must be kept in mind that the difference
fields are related not onlv 1o the precipitation differ-
ences in August. but also 10 those of previous months.
In much of the Sahel the contrast in rainfall exceeds
100 mm mo~}. but to the south rainfall differences are
small or negative. The corresponding changes of soil
moisture are in excess of 20 mm for a large zone ex-
tending from about 12°N 10 18°N. A large difference
in evapotranspiration is evident over a greater area: in
excess of 20 mm mo~' in a zone roughly extending
from about 13°N 10 20°N. in excess of 50 mm mo ™'
throughout most of the area between 14°N and 18°N.
Since differences of the opposiie sign prevail north and
south of abou1 10°N, there is a strong change of the
mendional gradient of soil moisture and ET between
wet and dry vears. The contrast in runoff between wet
vears and dn vears is on the order of 50 to 100 mm
mo ' throughout much of the Sahel from about J0°N
10 15°N. Further south. runoff is reduced. by over 30
mm mo '’ in some areas.
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TaBLE 2. Parameters necessary for model input,
as well as source used in study.

Parameter

Source

Shoriwave radiation submodel
Surface albedo

Dorman and Sellers (1989)

Cloud cover Warren et al. (1986)
Ravyieigh scartering Bird and Hulstrom (1981}
Opucal air mass Rodgers (1967)
H.Ov Lacis and Hansen (1974);
FAOQ (1984)
0, Sasamorni et al. (1972)
0. Sasamori et al. (1972)
O, Lacis and Hansen (1974); London

Evapoclimatonomy submodel
Vegtation cover
Soif texture
PET :
Evaporivity (¢*)

et al. (1976)

Dorman and Sellers (1989)
FAQ/UNESCO (1977)
FAO (1984)
Lettau (1971); Pinker and Conio
(1987). Nicholson and
Lare (1990)

aiy e

The precipitation difference between wet and dry
vears in the Kalahan (Fig. 6b) is roughly comparable
10 that of the Sahel both in magnitude and in size of
the affected area. Important contrasts are evident in
the difference fields for other hvdrologic vanables,
however. In most of the area, the difference in soil
moisture between wet and dry vears is less than 10
mm, and the difference in ET seldom exceeds 30 mm
mo™~'. Furthermore, the change of latitudinal gradients
that are apparent over the Sahel are not apparent over
the Kalahari. Also, the wet-dry contrast in runoff ex-
ceeds 50 mm mo ™' in only a few locations.

An interesting feature occurs, in particular, over the
northern Kalahari region, with respect to the water
balance. Although the region has significantly higher
rainfall in wet years compared to dry vears (on the
order of 50 to 100 mm mo™!), evapotranspiration rates
are lower in wet vears than in dry years. This is pn-
marily due to a larger percentage of rainfall in wet years
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FIG. 5. Model results for the 1en wettest vears and ten driest years: P = precipitation, N = runoff, £ = evapotranspiration,
m = soil moisiure. (a) Nine West African stations. (b) Six stations in or near the Kalahan.

being lost as immediate runoff, a direct manifestation
of equation (20) if monthly mean infiliration rates are
fairly low.

Overall, the contrast between the Kalahari and
Sahel is probably primarily a result of timing, du-
ration, and intensity of the rainy season. The season

1s longer, and of lower peak intensity in the Kala-
hari, and it occurs, unlike 1n the Sahel, when ab-
sorbed solar radiation is at a maximum. The mag-
nitude and spatial coherence of the rainfall anom-
alies also differ to some extent in the two regions,
however.
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bances. the African easterly jet (AEJ), is a direct man-
ifestation of land surface processes. This jet, essentially
an easterly wind maximum of about 10-m s™', with
its core in the midtroposphere at about 650 10 700 mb,



nob

is @ conscquence of the temperature gradient between
the Sahara desert and the cooler Guinea Coast and
Atlantic Ocean 1o the souih. The AEJ 1s strongest at
about 15“N.

The jet provides the energy and instabibty for the
development. maintenance. and propagation of the
rain-producing disturbances in the region. Cloud clus-
ters produce about 90% of the rainfall in the Suhel:
their frequency and the amount of rainfall they produce
is modulated by transient easterly waves (Houze and
Betts 1981 ). The westward-propagating waves originate
as a conscquence of the joint baroclinmc-barotropic in-
stability associated with the horizontal and vertical
shear of the AEJ (Burpee 1972; Albignat and Reed
1980). and they are therefore confined to a relatively
narrow latitudinal zone near and south of the jet core.
There arc consistent changes in intensity and shear of
the jet between wel and dry vears, with the jet (and
shear) being stronger during dry vears { Newell and
Kidson 1984). Since the difference between an abnor-
maliy wet or dry rainy season month can be accounted
for by as few as one or two intense disturbances, and
the most infense systems are associated with easterly
waves produced from the AEJ, the character of the
rainy system 1S very sensitive to fluctuations in the jet.
As the relevant jet shears and intensity are a function
of the north-south temperature gradient in the region,
the jet should be modulated by land surface fluxes such
as latent heat. Thus. any land surface changes that are
induced by anomalous wel or dry conditions should
affect 1he surface radiation balance, and thereby. the
AEJ. This in turn may result in the hypothesized pos-
itive feedback effect. and thus, enhance or prolong ex-
isting wet or dry conditions.

We have cxamined the Jatitudinal gradient of latent
heating in wel and dry vears along the transect shown
in Fig. 3, using the nine Sahelian stations. The contrast
between wet vears and dry vears is strong enough 10
affect the speed of the jet (Fig. 7). In the wet vears, the
latent heat flux to the atmosphere has a maximum at
about 12°N to 13°N in July and September, and at
about 15°N in August. The largest contrast between
wet and dry vears 1s apparent in August. In dry vears.
the maximum latent heating is at 10°N 10 11°N in all
months and there is little difference between wet and
drv vears froni there southward. Latitudinally. the wet/
drv contrast is largest at about 15°N in August and at
about 12° or 13°N to 16°N in July and September.
The flux of heat in these latitudes is about 4 10 6
MJ m~7 dav ™! larger in wet vears than in drv vears.

It is difficult 10 assess the effect on the jet without a
detailed model of atmospheric heating. Moreover. the
differences in latent heat flux can act as a feedback
mechanism producing interannual persistence only if
1t can be demonstrated that the heating anomaly per-
sists until the following rainy season. Nevertheless, a
rough estimate can be made of the effect on the jet’s
core speed and shear by considering the thermal wind
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F1G. 7. Surface flux of Jatent heat as a funciion of latitude in July.
Augusl. and Sepiember in the ten wettest (solid) and ten driesi
(dashed ) vears in the West African Sahel.

equation and making certain assumptions about at-
mospheric heaung.

The jet is a consequence of the temperature gradient,
the relevant thermal wind speed U being computed

according to
—R (8T
0B () (2,
I \ay p P

where (3T/3)), is the mean latitudinal temperature
gradient in the layer between pressure levels P, and
P,. R is the gas constant for dry air, and fis the Coriolis
force. As the midtropospheric temperatures are higher
10 the north (i.e.. over the Sahara) than 1o the south.
the thermal wind (and the jet) is easterly.

Using the chmatonomy output of surface temper-
ature. two-meter air temperature, Jatent heat flux, and
sensible heat flux. mean temperature profiles are de-
rived for nine latitudinal bands. each corresponding 10
one of the base stations along the 1ransect in Fig. 3.
Appropnate means are denved for the bands using ad-
dinonal stations as described in section 2d. Calculations
are made only for August. From the surface 1o the 1op
of the surface layer (assumed 10 be 1/;0 the height from
the surface 10 the lifiing condensation level ). sensible
heat flux is used 10 determine aimospheric temperature,
asin Lettau and Lettau (1975). From the 1op of the
surface laver 10 the lifiing condensation level. that is,
the mixed layer. a drv-adiabatic lapse rate is assumed.
Once the lifting condensation level is reached. the 1em-
perature profile is assumed 10 follow a pseudoadiabat,
which is determined using moist static energy, an ap-
proximately conserved quantity during a convective
process. For ssmplicity. no entrainment zone or upper-
level inversions are incorporated. Inherent in the sur-

(25)



faoc emperatures 100w and Jraoaenns are
diivrencos in saturation Shunndity and i ane
level at which condensaton begins 1o occur.
words, 1he moist static energy ditfers between wet and
dr\ Vears.

Since the gradient of latent heating from south 1o
north (about 12° or [3°
the temperature gradient. the sharper gradient during
wey vears acts 1o reduce the temperature gradient.
thereby weakening the jet and jet shear in wel vears.
This is consistent with the weaker jet and jet shear
observed by Newell and Kidson ( 1984) in we1 vears.

Taking a linear least-squares it of the temperatures
at the 700-mb level for the nine latitudinal bands cen-
tered at 15°N, as calculated above. corresponding geo-
strophic winds are calculated with the aid of Eq. (23
The calculations indicate a weakening of the African
easter]y jet on the order of 2.6 m s~ between dry and
wel vears. That shown by Newell and Kidson (1984)
is about 2 m s~'. At 10°N, Neweli and Kidson show
adecrease of over 4 m s~'. Our results show a decrease
approximately twice that amount. At this latitude,
however. the Coriolis force is very small and the ther-
mal wind calculations are therefore highly sensitive 10
the north-south temperature gradient. Any shght dis-
crepancy in the temperature gradient between that cal-
culated and that observed will have a dramatic effect
on the magnitude of the thermal wind speeds. A more
detailed discussion of the effects of differences between
wel and dry years on latent heating and on the African
easterly jet will appear in a later anticle.

specin

In other

5. Summary and conclusions

The Lettau climatonomy model was used 1o examine
the temporal and spatiaj effects of the Sahelian drought
on land surface feedback. This was compared with the
Sahelian Southern Hemisphere counterpart. the Kala-
hari. a region subject 1o similar large-scale atmosphenc
forcing. but lacking the Sahel’s decadal persisience in
rainfall anomalies. The effect of surface energy flux
modification upon the midtropospheric winds. in par-
ticular the African easterly jet (AEJ). over West Africa

~was also explored. 1t 1s known that the AEJ is respon-
sible for the development and maintenance of the West
Afnican disturbance lines, which bring most of the pre-
cipitation to West Africa.

These model resulis indicate that there are significant
differences in the surface water balance between drv
and wet vears. The changes in the Sahel are more 1n-
tensive, larger in spatial scale, and more spatally co-
herent than those in the Kalahan. Thus, the possibility
of land surface-atmosphere feedback is higher in the
Sahel than in the Kalahari. In drier regions. increased
rainfall is manifested as higher soil moisture and ET.
In wetter regions, 1t is manifested primarily as increased
runoff.

South of the Saharz, this tends 10 decrease the surface
gradient of latent heat exchange with the aitmosphere

‘N 10 189N} s the inverse of

Sunnge wo

Jient

searsy Con \q’twr‘..'._ oo
m the mrdt
releasedo s siso reduced T hx\ 0 turn reduces the ther-
mal wind and the intensity of wind and wind sheur in
the African casterhy jet. The CdlU' 1ed magnitudes of
these changes are consistent wiin those observed by
Newell and Kidson (1984) in a study contrusnung wet
and dryv vears in the Sahel.

The calculations were performed for the peak raimy
season months. Theyv suggest that the magnitude of the
change in surface energy balance between a wet and
drv vear is large enough 1o significantiy affect the gen-
eral atmospheric circulation. and thereby. the rain-
bearing svstems. However. for this 10 provide a feed-
back mechanism that can produce the charactenstic
interannual persistence of Sahelian rainfall anomalies.
there must be a “memory’ extending 10 the following
rainy season. A more detailed aimospheric model is
required 1o test this hypothesis.
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ABSTRACT

Two satellite algorithms for rain estimation are used 10 study the interannual vanability of Wes: African
rainfall during conrasting years of the period 1983-88. The first algorithm uses a frequency of occurrence index
quantifying the number of limes Meteosat thermal infrared radiance below 2.107 W m™2 ¢r~! pm™! {~40°C)
occurs during the rainy season. The second algorithm uses the average Meteosat thermal infrared radiance over
the period of interesi. Appropnate calibrations are performed using these satellite parameters and ground-based
rainfall observations. Separate calibration and equations are considered for each of three sugeested subrainfall
zones in West Africa: two Sahelian zones locaied just north of 9°N (one east and one west of 5°W ) and the
region extending south from 9°N 10 the coast. Over 80% of the variance in the ground-based rainfall daia is
explained by both algorithms in regions locaied north of 9°N, but poor correlations between obsened and
estimated rainfall exist south of 9°N. The interannual variability of rainfall in the Sahel is well described by
that of cold clouds and average radiances. The satellite estimates also reveal substantial longitudinal vanability
in the anomaly fields. indicating that some Sahelo-Soudanian areas may receive above average rainfall during
a vear calaloged as dry. The latitudinal displacement and the extent of the cloud band associated with the
intertropical convergence zone (]TCZ). as derived from cold cloud indices. indicate 2 porthward dispiacement
of the ITCZ in some, but not all. wet years in the Sahel. No systematic anomalous southward displacement of
the JTCZ is evident in dry vears. Drought in the Szhel appears 10 be more closely linked to the latitudinal exient

and the intensity of the convection within the ITCZ.

1. Introduction

The Sahelo-Soudanian region of West Africa ofien
experiences catastrophic droughts, as evidenced by
large negative anomalies in Jong-term records of annual
rainfall (e.g., Tanaka et al. 1975; Bunting et al. 1976;
Nicholson 1989; Ward 1992). Since 1968 a prolonged
drought has plagued the region. with maximum rainfall
dehcits occurring in 1972-73 and 1982-84 (Nicholson
1993). Following the first drought maximum, rainfall
increased until the mid-1970s and it was commonly
believed that the drought had ended. However. Jater
observations (Nicholson 1983; Lamb 1982, 1983) in-
dicated otherwise, revealing our lack of knowledge of
the mechanisms at work.

Drought in the Sahelo-Soudanian region is a com-
plex and multifaceted problem. Consequences are dra-
matic for human populations because the droughts are
so intense and persistent, and because in that region
vegetation growth, which includes primary production
and agriculture, is governed by water availability. Ef-
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fects on climate resulting from changes in vegetation
cover are also potentially significant. Large-scale rain-
fall deficits destroy plant cover, reduce evapotranspi-
ration, increase surface albedo, and alier other aspects
of the water and energy balance (Lare and Nicholson
1994). This could modify the region’s weather systems
and precipitation patterns through feedback that might
reduce rainfall even further (Charney 1975). The pos-
sibility of such feedback is real, as various numerical
studies have indicated (e.g., Charnev et al. 1977; Shukla
and Mintz 1982; Nicholson 1988, 1989).

Studies have shown that numerous processes and
factors, acting on various space scales and timescales,
influence rainfall variability in West Africa (e.g.. Kid-
son 1977; Kraus 1977; Kanamitsu and Krishnamuru
1678; Lamb 1978a,b, 1983; Nicholson 1980; Newell
and Kidson 1984; Folland et al. 1986; Lough 1986;
Palmer 1986; Shinoda 1990a.b; Janicot 1992a.b; Lamb
and Peppler 1992; Ward 1992). The predominance of
one process over another is not clear: linkages between
local, synoptic, and regional or global-scale influences
have not been well established, and some factors are
clearly controversial. For example, some studies have
concluded that rainfall deficits in West Africa appear
to be associated with a southerly displacement of the
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imcertropical convergence zone (ITCZy ceg . Lamb
i~"xh). reduced interfemispheric contrast i SSTs
(z.z.. Folland ct al. 1636), or Bl Nimo-Southern Qs-
ciiation (ENSQO) evenis (e.g.. Semuzzr et &b 19SS
Wolter 1989). but evidence contradicting e role of
these factors has also been presented (e.g.. Tanaka et
al. 1973 Nicholson 1980, 1989: Ropelewskr and Hal-
pert 1987). Researchers have also demonsirutied the
importance of such factors as the strengthening of the
Arnican easterly jet (AE}) and the weakening of the
Tropical easterly jet (TEJ) (e.g.. Kidson 1977 Kana-
mitsu and Krishnamurti 1978). a decrease of the mon-
soonal flow (e.g., Lamb 1983). or the intensity of the
convection in the ITCZ (e.g.. Nicholson 198! Janicot
1692b).

It has been dificult to defimivelv identify the causes
of drv or wet conditions in West Africa. Vanability in
West Africa’s atmosphenc circulation. charactenized
by monsoon flow in the lower lavers. easterly jets in
the upper layers, and convective acuvity in the ITCZ
(Hastenrath 1984; Fontaine and Janicot 1992). has
neither been completely descnibed nor completely un-
derstood. Modeling studies have been hindered by the
coarse spanal resolution and crude convection schemes
of general circulation models (the small-scale structure
of the ITCZ cannot be reproduced ). Perhaps more im-
portantly, studies of rainfall vanability are based on
dz1a from a network of stations that are unevenly dis-
tnbuted in space, sparse in critical regions, and/or re-
ported rregularly.

Identifving the mechanisms that play a role in the
long-term evolution of the West African climate. as-
sessing the role of land-atmosphere feedback. modeling
the effect of vegetation, and, consequently. improving
both our understanding of and ability to predict Sahel
droughts all require a better database for the analyvsis
of rainfall variability. A long time senes of measure-
ments with good spatial resolution and temporally
consistent coverage is necessary. Because of the large
veniability of rainfall on shon space scales and time-
scales (e.g., Thauvin and Lebel 1991). it is often im-
possible 10 obtain a sufficient rainfall dataset over wide
arzas from a conventional rain gauge network. Dense
networks exist, such as the Estimation of Precipitation
by Satellite-Niger (EPSAT-Niger ) network (Cadet and
Guillot 1991), but they are scarce and. bv definition,
limited spatially.

In contrast, satellite observations provide spatial
coverage on a regular basis, allowing one 1o follow the
convective activity responsible for most of the rain in
West Africa, which is ofien organized in the form of
propagating squall lines (e.g.. Otomosho 1983). To be
useful though, satellite observations must be interpreted
in terms of rainfall. a task that requires careful cali-
brztions against ground-based measurements. The task
1s not easy because the algorithms, which are generally
crude statistical relationships (Barrett and Maniin 1981;
Bz 1990), strongly depend on the rain gauge dataset
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of referenccana therefore are region and or vear spe-
cific.

In this paper. we evaluate and accurately calibruie
two satellie algonthms suitabic for the study of the

interannuzi vanabilny of seasonal rainfall in West Ar-
rica using Meteosat data for the period 1983-88. One
algorithm 1s based on cold cloud-iop frequency: the
other is bused on average thermal infrared radiance.
We compere the satelline estimzies with rainfall mea-
suremenis from a surfuce rain gauge network. Through
this compaznson. we point oul the limitations of the
satellite techniques. particularly their general applica-
bility. Most previous studies have dealt with individual
vears. We will also examine whether the methods can
adequately assess interannual vanability and whether
this assessment i1s improved by using those techniques
instead of ground-based rain gauge networks.

Since the study is limited 10 six vears. all of which
are relativelv drv (Nicholson 1293), and since the pe-
rnod includes only one El Nino. this dataset cannot be
used 10 quantitatively investigate relationships with
large-scale phenomena. Instead. we assess the feasibility
of utilizing satellite data in such studies bv focusing on
three specific problem areas. one of which relates 10 a
suggested cause of West African rainfall varability.
These include the mean rainfall field over West Africa.
the vear-to-vear fluctuations of rainfall, and the loca-
tion, extent. and intensity of the ITCZ. We also ex-
amine spatial vanability in seasonal rainfall, including
efiects on zonai averages.

2. Area of stody

The region of interest (Fig. 1) is limited to conti-
nental areas between 30°N and 0° and 18°W and 30°E.
It is charactenzed by a wide range of vegetation zones.
occurring in narrow latitudinal belts with various types
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F1G. 1. Climatic zones and vegetation distibution in West Africa.
Typical Januvary and July 1TCZ locations are plotied as solid anc
dashed lines. respectively. Onentation map indicates three suggesiec
rainfall zones in West Africa: iwo Sahelian zones Jocated just north
of 9°N. one west of 3°W (region 1). 1he other east of 5°W (region
2). and a region extending southward from 9°N 10 the equator (region
3).




af sivannzs tsavanne woodlund, savanna grassland.
and semidesert grassiend ) and bounded by forest o
the south and desert 10 the nonb. The distribution of

these vegetanion zones is controlled by the amount and
length of the summer rums. which are closely linked
10 the annual migration of the ITCZ (see Fig. 1 for the
tyvpical January and luly ITCZ jocavions).

The source of moisture in the region is somewhat
controversial. with various studies suggesting the Gulf
of Guinea. the Indian Ocean. and even the Mediter-
ranean {Newell and Kidson 1979) as critical source
regions. A large pan of the water vapor in the lower
lavers originates from the Gulf of Guinea (through
evaporation ) and is advected into the ITCZ by the low-
level (below 700 hPa). southwest flow of the African
monsoon (Lamb 1983). Some of this water vapor is
lifted up while moving northward. feeding the AEJ at
700-600 hPa. which also acquires its moisiure from
eastern and central Africa (Cadet and Nnoli 1987),
Several studies have shown that. at upper levels. the
TEJ also feeds the region with moisture from the Indian
Ocean (Flohn 1964: Newell and Kidson 1979: de Felice
et al. 1982). However, the diagnostic studyv of Pierce
and Mohanty (1984) and the numerical simulations
of Joussaume et al. (1986) suggest that advection of
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moist air from the Indian Ocean does not greatly afiect
West Africa (see also Cadet and Nnoli 1987,

The location of vanous rainfall regimes relative 10
the average position of the ITCZ is described by Ger-
main (1968). Far 10 the south of the ITCZ is an area
of stable and generally dry weather: 10 the north 1s the
region of maximum convection. In the southern pan
of this region. much of the rainfall is charactenized by
isolated thundersiorms imbedded in the humid. south-
westerly monsoon flow. but in the northern part. rain-
fall 1ends 10 be associaied with organized synoptic and
mesoscale systems. Rain diminishes progressively
northward with the northernmost area reached by the
ITCZ receiving rainfall onlyv rarely.

The convective activity 1n the vicinity of the ITCZ
1s dominated by westward-propagating mesoscale dis-
turbances. Squall and nonsquall disturbances are dis-
uinguished. but the former produce most of the rainfall
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FIG. 2. Disinbution of rainfall reponiing stations available during 1983-88.
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in the region (Otomosho 1985). Few systems maintain
themselves over more than a day (e.g.. Aspliden et al.
1976; Martin and Schreiner 1981) while propagating
westward. The developing clouds tend 10 aggregate into
large areas of convective activily (sometimes called
cloud clusters), which extend mendionally over a dis-
tance of about 10 to about 1000 km with no preferred
size (Toledo et al. 1992). Imbedded in the clusters are
huge, deep cumulonimbus clouds, recognizable by their
anvils, which form a canopy displaced down from the
relative wind at anvil level. The heaviest rainfall is as-
sociated with the cumulonimbus areas. Both the fre-
quency of cloud clusters and the amount of rainfall
associated with them appear 10 be modulated by tran-
sient synoptic-scale African waves (Thompson et al.
1979; Houze and Betts 1981 ), which propagate west-
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ward. Thus., the rainfall is1influenced by factors affecting
the waves. such as the horizontal and vertical wind
shear and latent heat release (Burpee 1972: Norquist
et al. 1977: Albignat and Reed 1980).

Other faciors. either of orographic nature or due 10
thermal contrasts, may affect the rainfall pauerns sig-
nificantly. In the Fouta Djalon region of Guinea, for
instance. the effect of high mountains is to increase
rainfall compared 1o that of surrounding regions. In
coastal regions of Mauritania and Ivory Coast. on the
contrary. the stabilizing effect of upwelling of cold water
and cold ocean currents reduce rainfall locally.

Annual rainfall amounts vary from above 1500 mm
in the forest zone 10 below 50 mm in the desert (e.g..
Nicholson 1980). Interannual variability, expressed in
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percentage of average values (or coefficient of varia-
tion ), exceeds 50% in desert areas butisaslow as 1 5%-
20% in forest areas (Nicholson 1980) and is far from
homogeneous. Nicholson (1980) and Bhart (1989)
have shown, for example, that the variability in the
eastern Sahel is quite different from that in western
Sahal. Janicot (1992a) and Nicholson and Palao (1993)
have further demonstrated this difference and have
identified three homogeneous sectors within West Af-
rica that differ with respect to prevailing rainfall regime,
1ntensity of coastal effects, and teleconnections 10 trop-
ical circulations. Their divisions, although quite in-
dependently denved, are markedly similar.

In the present study, we 1nvestigate the accuracy of
satellite estimates of rainfal]l in three regions that

P
N
’

roughhy correspond 1o those divistons (Fig. 1) tsectuon
3a). The firat und second regions hereafier referred 1o
asregions 1 and 2). located between 9¢ and 30°N. are
roughlv the Sahelo-Soudanian sectors where rainfall
is governed by squall lines and thunderstorms. Regions
I and 2 are distinguished because of the oceanic influ-
ence in the former: the boundany between the 1wo re-
gions is finxed at 5°W. The third subregion (hereafier
referred 10 as region 3) is Jocated between the equator
and 9°N. ltis affected mainlv by the localized convec-
tion of the monsoon with minimal influence of the
synoptic and mesoscale syvsiems of the Sahel.

3. Data
a. Surface data

The rainfall dataset used in this study is that of Ni-
cholson (1993). This archive includes data published
in World Weather Records and Monthly Climatic Data
of the World, complemented by data gathered over
the years from the French Office de la Recherche
Scientifique et Technique (ORSTOM), the German
Deutscher Wetterdienst, the U.K. Meteorological Of-
fice, and African Weather Services (Nicholson 1981).
The dataset, provided in the form of monthly averages,
includes the period 1983-88 during which Meteosat
data are also available (see section 3b). The rain gauge
stations are unevenly disinbuted, and the network is
sparse above about 16°N (Fig. 2). The number of sta-
tions where data are available varies from one vear 10
another (Table 1).

b. Saiellite data

We use Meteosat data onginating from the European
Space Operation Centre (ESOC) in Darmstadt, Ger-
many. Al the time of the study, only data from 1983
through 1988 had been acquired. The dataset, in the
International Satellite Cloud Climatology Project
(ISCCP) B2 format, contains 3-h, 8-bit digitized images
in three spectral bands: 0.4-1.1 ym (shortwave band).
10.5-12.5 um (thermal infrared band), and 3.7-7.7
um (water vapor band). A B2 image is obtained by
sampling the original full-resolution (about 5 km at
the equator) image every six rows and six lines. All
images are geometrically correctied and navigated 10 a
fixed reference. For more details, see ESOC (1986).

TABLE 2. Performance of linear regression equations
10 estimated seasona) rainfall.

Region | + 2 Region 3
Variable F R F R
No. of points 744 487
Mean rainfall (mm) 480 1152
Coefficient of determination r*  0.81 0.81 0.1§ 0.8
rms error (mm) 162 162 443 441
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Tanit 3 Performonce of nenhnear regress. o eguabons tecond-ordes nalvronnal 1o estimated ~easona) rainfall,
Region Region 2 Region |+ 2
\ znabie F R i R F R
No.of pomnts 267 477 744
Coethcient of determinatior. r* 86 8y 80 86 8] 85
\Mean rainfall (mm) 470 48% 480
rms error (mm) 135 136 133 129 159 141
Terms of second-order polyvnomial a1 the 995 confidence level

& -19z= 70 13756 = 1883 -69 x 22 7291 = 1039 -48 = 43 0258 + 063
a. 37 =17 ~2173 = 684 63 13 ~1967 = 370 P11 —2632 = 3%
0s 2609 37 =62 040" 131 = 33 13206 187 £ 31

These data have been available since July 1983 (Ros-
sow et al. 1985).

4. Methods

In general, the satellite methods of rainfall estimation
using observations in the wvisible and/or thermal in-
frared are based on the assumptions that 1) the higher
the cloud albedo and the colder their tops, the more
rain they produce, and 2) rainfall areas are located

directly beneath the clouds. The approach is either
based on tracking cloud entities throughout their life-
umes (first approach) or on brightness temperature
thresholding (second approach ). Because of the difh-
culty in processing the huge amount of data constitut-
ing the full-resolution satellite images, the methods
based on the first approach have been used only over
Iimited areas and periods of time (Stout et al. 1979:
Woodiley et al. 1980; Gniffith et al. 1978, 1981; Thiao
et al. 1990). The methods based on the second ap-

2500 2500
a Region 2 b
20004 20004
£ 15004 1500+
G
=
"5 10004 1000
e
500+ 500-
04 0
0 30

Rainfall (mm)

2500

20004

10004

5004

=6 7
R

F1G. 6. Scatterplot of seasonal observed rainfali vs (a) F for region 1, (b) F for region 2.
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proach are intended to estimate rainfall for a penod
larger than 24 h. Arkin (1979), for instance, has shown
that the fracuonal cloud cover of clouds colder than a
certain temperature threshold is proportional to the
accumulated precipitation. This technique seems 10 be
reliable when it is applied over a large area (more than
150 km X 150 km) and for time averages exceeding
one day {Richards and Arkin 1981: Arkin and Meisner
1987). The algorithm has been used with both geosta-
tionary and polar-orbiting satellite data to create a
rainfall climatology for the Tropics for the Global Pre-
cipitation Climatology Project (GPCP) (Arkin and
Ardanuy 1989; Janowiak and Arkin 1990). In West
Africa, similar techniques have been adapted in op-
erational routines such as the method of the Tropical
Agrnicultural Meteorology Satellite (TAMSAT ) Group
of the University of Reading (Dugdale et al. 1990) or

AL <

that of the EPSAT ofine ORSTOM a1 Lanrn:on, France
tCarn et al. 1989). The methods based on tme-aver-
aged brightness iemperature also have been used suc-
cessfully 1o derive precipitation over the Tropies ( Mo-
iell and Weare 1987: Ba and Deschamps 1990). Most
of the methods use thermal infrared data onh. although
visible data alone ( Kilonsky and Ramage 1976 ) or vis-
ible daia combined with thermal infrared data ( Barret
1970: Barrett et al. 1986: Motell and Weare 1987 ) vield
good predictive skills. In West Africa where rainfall
often occurs at night. using visible data alone may bias
the estimates.

Because of costly computing resources degradation
of the temporal and spatial resolutions of satellite im-
agery is necessary when making rain estimates over
very large areas such as West Africa. The ISCCP is
designed 10 reduce these data for climatic use (Schiffer
and Rossow 1983). Thus, the methods of the second
categorv are more suitable for estimating rainfall for
climatic purposes. However, degradation of temporal
resolution of satellite data will decrease the skill of those
methods by omitting the contributions of short-lived
clouds. Consequently. for the Sahelo-Soudanian re-
gons. they may not give good estimates of precipitation
on timescales less than one month. This limitation is
due 10 the nature of the phenomena affecting rainfall
in these regions. Monthly precipitation is due to a few
squalls and cloud clusters affecting an arez with large
variations in rainfall amounts between events. There-
fore. a suitable relationship between rain gauge mea-
surements and a satellite-based index could emerge
onlv if the number of events is sufficient. For our study,
whose objective is 10 analyze the interannual variability
of rainfall, we have selected chimatological methods
utilizing radiance threshold (method 1) and time-av-
eraged radiance (method 2).

In method 1, the predictor variable is a frequency
of occurrence index quantifving the number of times
thermal infrared radiance below a threshold value oc-
curs during a given lime period, typically 2 month or
a season. This frequency of occurrence index, or F, is
defined as

F=(Z )N}, (1)

where the subscript i denotes the observauon. N is the
number of observations, and {; is a discrete indicator
variable taking the value 1 or O depending on the
threshold, R:

1, R<Rr
0, R> Ry

(2a)
(2b)

I

In Egs. (2a) and (2b), R is the radiance of a pixel.
Correlation coefhcients between satellite esumates of
precipitation and surface measurements are rather in-
sensitive to the “warm” threshold (Arkin 1979; Motell
and Weare 1987; Baand Deschamps 1990), which can
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be as high as 10°C on monthly and seasonal timescales
(Ba and Deschamps 1990). We chose a threshold of
2.107 Wm™2sr~! um™'. which corresponds to a
brightness temperature of —40°C. Atmospheric cor-
rections are not used in this method since the cloud
tops selected are located high in the atmosphere.

In method 2, the predictor variable is the average
thermal infrared radiance over the period of interest,
R, defined as

R=(Z RIN. (3)

Since R is a time average over all davs, both clear
and cloudy, it includes radiative effects from the sur-
face, the atmosphere, and varied cloud types. The in-
fluence of water vapor absorption is significant. This
1s not a drawback because the absorption is related 10
water vapor content in the atmosphere, and water va-
por content in the atmosphere modulates the evapo-
ration rate of falling rain. In fact. R implicitly 1akes
into account two major parameters that are indirectly
related to rainfall: the cloud-top temperature of pre-
cipitating systems and the surface temperature. The
latter is modified by rainfall through evapotranspiration
(Assad et al. 1987).

. Results

h

. Comparison of rainfall statistics from satellite
and conveniional data

©

The skill of the two predictor variables defined above,
namely F and R, can be assessed by comparing ob-
served and predicted rainfall at the surface stations.
We compared six vears ( 1983-88) of seasonal rainfall
(May-October). Most of the rainfall occurs during
those months (Nicholson 1980), especially in regions
1 and 2 (Fig. 3). Univanate, linear. and nonlinear
regression analysis was used 10 compute performance
statistics. For each station, we applied the satellite al-
gorithms to the pixel that encompassed the vernfying
station. According to Ba (1990), more compiex
schemes involving weighted averages of surrounding
pixels would not change the regression statistics sig-
nificantly.

Figures 4 and 35 show. for regions 1 and 2 combined
thereafier referred 10 as region 1 + 2) and region 3.
respectively. the relationship between seasonal rainfall
and For R, and Table 2 lists the values of the coefficient
of determination r* (assuming a linear relationship).
In region 1 + 2. r* is high for both F and R (0.81
significant at the 99% confidence level). For region 3,
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r? is much lower, 0.18 for both F and R (see also Fig.
5), indicating that neither F nor R is a good predictor
variable in that region. The low r? values for region 3
may be explained by the rainfall regime, which is char-
acterized during the boreal summer, by monsoon rain
with a significant stratiform component. Consequently.
the —40°C threshold does not 1ake all the precipitating
clouds into account, decreasing the predictive skill of
F. Due to orographic effects, rain in the highlands of
Guinea and Cameroon also occurs without deep con-
vecuon and. hence, cold cloud tops, further contrib-
uting to a degraded performance. In the case of R, two
factors contribute 10 a low coefficient of correlation,
namely frequent cirrus cloud cover and large soil
moisture content. The frequent cirrus cloud cover and
the large soil moisture content (the result of continuous
rain) inhibit the use of the intended technique R to
determine surface iemperature effects (evaporation as-
sociated with rain generally results in a decrease in sur-
face temperature ). _
Because of the poor predictive skill of F and R in
region 3, we focus on region 1 + 2. A simple linear
regression between seasonal rainfall and predictor
variables yields an rms error of about 160 mm (33%

-20 -10 0 10
Longitude (°)
FiG. 10. Spatial distribution of 6-yr mean seasonal rainfall com-
puted from observations (a) at the surface network stations, (b) F a1
the same stations. and (c) F-based estimates in 1° X 1° gnd boxes.
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F1G. 11. Differences between F-derived rainfall computed at surface
network stations and observed rainfal} at the same stations.
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of the mean measured value) for both F and R (Table
2). Examining Figs. 4a and 4b, we notice that the re-
lationship between seasonal rainfall and predictor
variables is not linear. suggesting that a nonlinear
regression may improve the performance staustics.
Using a second-order polynomial. r? is slightly higher
for R (0.85 instead of 0.81). but remains the same for
F (0.81) (Table 3). The terms of the second-order
polvnomial are statistically significant at the 99% con-
fidence level (see Table 3). The rms error 1s pracucally
unchanged for F (159 mm instead of 162 mm) but 1s
significanily reduced (141 mm instead of 162 mm) for
R. In the case of F, the lack of improvement in the
performance statistics may be due to the type of non-
lineariues, which are not described properly by a sec-
ond-order polvnomial. In fact, Fig. 4a suggests that
two distinct nonlinear regimes may exist, one below
500 mm and the other above. Applying separate sec-
ond-order polynomals below and above 500 mm gives,

in fact, much better statistics (»° = 0.88. rms error of
120 mm), but continuity a1 500 mm is not respected,
and we prefer 10 use a single second-order polvnomial.

Applving separate simple linear regression equations
to regions } and 2 vields in region 1 r* values of 0.83
and 0.81 for F and R, respectively. In region 2. the r*
values are 0.80 and 0.83 for F and R, respectively.
Using a second-order polynomial r* is much higher
in region 1, particularly for R (0.89 instead 0.81) (see
Table 3 and Fig. 6). but remains the same for F in
region 2. The terms of the second-order polynomial
are statistically significant at the 99% confidence level
in both regions for R and only in region 1 for F(Table
3). The secopd-order term (a,) is statistically unceriain
for F in regon 2 (Table 3) and. therefore, does not
contribute useful information for the prediction of
rainfall. Thus a first-order polynomial in F is used to
estimate rainfall in region 2 and a second-order poly-
nomial in region 1, but a second-order polynomial in
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R is used for both regions 1 and 2. Using distinct re-
lationships between rainfall and either F or R in regions
1 and 2 1s also justified by different vearly biases com-
puted for each region (see below).

Applving the regression equations (separate equa-
uons to regions ! and 2) to data from individual vears
reveals positive and negative biases (defined as the
mean difference between measured and predicted val-
ues), reaching magnitudes of 80 mm in 1987 (F) and
100 mm in 1984 (R) (Figs. 7a.b). These biases are not
neghgible and must be removed 1o study the interan-
nual vanability of rainfall properly. For F, removing
the biases vields r* values of 0.87 and 0.81 in regions
1 and 2, respectively, and rms errors are 146 and 148
mm. For R, r* values are 0.92 and 0.87 in regions !
and 2, respectively, and rms errors are 119 and 122
mm. Thus, by removing the biases, the error statistics
are not significantly improved overall, bul estimates
from different vears become comparable. Since r* rep-

resents the interannual rainfall variance explained by
the algonthms, 13% and 8% (region 1) and 20% and
13% (region 2) of the variance still remains unex-
plained by F and R, respectively.

If B, and B; denote the biases for vear / when using
F and R. respectively, the predictive seasonal rainfall
equations in regions | and 2 are

Pi(F)=(=19+37F+3F’)+ By, (4a)
Piy(F) = (-85 + 68F) + Bj, (4b)

P, (R) = (13756 — 4173R + 317R*) + B}, (5a)
Pia(R) = (7291 — 1967R + 131R?*) + Bj,, (5b)

where P is seasonal rainfall (mm) and the subscnpts |
and 2 denote regions | and 2. respectively.

Figure 8 compares observed and predicted rainfall
amounts when using Eqs. (4) (F) and (5) (R). The
scatterplot of F-derived rainfall versus observed rainfall
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for region 1 increases gradually from low to high rainfall
amounts and is nearly centered around the 43° line
(Fig. 8a). By contrast, for regon 2, F generally over-
estimates rainfall below 500 mm and the scatter. cen-
tered around the 45° line, is much higher, above 500
mm (Fig. 8b). In the case of R, the scatter is well cen-
tered around the 45° line and slightly higher, above
500 mm for region 2 (Figs. 8¢c,d). A few points are
characterized by rainfall amounts above 1500 mm.
These correspond to two stations in Guinea-Bissau and
ope station in Sierra Leone locaied near 9°N, the
southern boundary of regions | and 2. For those sta-
tions, both algorithms underestimate actual rainfall in
most cases. Figure 9 shows the histograms of biases
when using F and R, respectively. Time average R gives
better results overall than F in both regions. The overall
satellite-derived rainfall is overestimated below 500
mm, particularly in region 2, and underestimated in
wetler regions.

Various sources of errors may affect algornithms 10
estimate surface rainfall from space. These pertain to
the nature of rainfall, which is highly vanable in space
and ume, and 10 the tvpe of satellite observations
available, which are not direct indicators of rainfall,
but instead only assess parameters affecting rainfall.
Augustine et al. (1981), for instance, have shown that
three possible error sources may affect satellite-derived
rain patierns: 1) the method of apportionment of sat-
ellite-derived rain at the surface, 2) resolution degra-

dation of the digital satellite imagery. and 3) anomalies
of convective clouds in tropical regions. For the algo-
rithms used in the present study, the spatiotemporal
vanability of atmospheric constituents (mainly water
vapor ) and surface temperature may cause other errors.
The amount of water vapor available in lower levels
affects the mainienance of the convection and. con-
sequently, the rainfall. Therefore, when using a single
relationship for a large area with nonhomogeneous Jow-
level water vapor distribution (i.e., West Africa}, the
satellite algorithms will overestimate rainfall in dner
regions and underestimate it in humid regons (Fig.
9). Water vapor also affects the thermal infrared ra-
diances and, therefore, R and, to a lesser extent, F (wa-
ter vapor 1s not abundant above cold cloud 1ops). Sur-
face temperature mayv be also governed by processes
other than evapotranspiration, especially in the coastal
zones (i.e., western Sahara) and southern regions of
the area of study, thus biasing the estimates made by
R in those regions.

Our results show that generalizing the satellite al-
gonithms is not straightforward. Both F and R yield
poor results south of 9°N where a large amount of the
rainfall is produced by stratiform clouds. This suggests
that applving the predictor vanables evervwhere within
the tropical zone may lead to large errors. The algo-
rithms may only work adequately in regions such as
the Sahelian zone, which are homogeneous meteoro-
logically (same 1vpe of rainfall ) and where most of the
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rainfall results from vertically extended (cold ) convec-
tive sysiems.

b. Interannual variability of rainfall

Studies of rainfall variability in the Sahelo-Soudan-
1an region. where catastrophic droughts occur, require
observations at a spatial resolution that the African
ramnfall networks do not readily provide. Significant
errors mayv be introduced when rainfall fields are in-
terpolated from the data available at the unevenly dis-
inbuted surface observing stations or extrapolated from
stations in data-sparse regions. In the analvses described
in this section, both the impact of spatial sampling on
the observed and derived estimates and the accuracy
of satellite estimates of interannual vanability of rainfall
are examined. Inmmially, the mean fields for the é-vr
peniod of study are examined. Then. the spatial fields
ang areal averages for individual vears are examined.

Equations (4)-(5), which result from a careful cal-
ibration against surface measurements, were used o
derive the rainfall and. hence. anomaly fields with a
spatial resolution of approximately 1° latitude X 1°

longitude. In the computations. estimates over 32-km

areas (the original resolution of the Meteosat dataset
at the equator) were simply averaged. No adjustment
was made to account for latitude-varving pixel size,
since the effect is not significant. Both techniques were
used, but in cases where they performed about equally
wel) the preseniztion of resulis is limited to the thresh-
old method.
Figure 10 shows the spatial distribution of the 6-vr
mean rainfall computed from surface observations
(Fig. 10a) from Meteosat observations corresponding
10 surface stations (Fig. 10b) and from all Meteosat
observations (Fig. 10c). The area of analvsis 1s re-
stricted 10 a zone between 9° and 20°N, and between
18°W and 15°E. where 78 stations were available dur-
ing the period 1983-88. The agreement 1s good between
the three seasonal rainfall fields. The north-south gra-
dient of rainfall generally observed in the region is well
retrieved by satellite-derived rain. However, the effect
of sampling is obvious when companng Figs. 10b and
10c¢. Since the two datasets are denved from the same
source (Meteosat). the differences observed between
the two fields (i.e.. the isohvets of 100 and 200 mm
shifted 10 the north) are due 10 sampling errors of the
surface network. In Fig. 11, which depicts the absolute
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differences between observed znd estimaited rainfall.
one can notice that the amplitude of these differences
are less than 30 mm (less than 107 of seasonal rainfall)
over most of the region. The satellite tends 10 under-
esuimate rainfall by about 100 mm (135% of seasonal
rainfall) in the southwest part of the region and over-
esumate rainfall by 50 mm (13% of seasonal rainfal] )
in eastern Mauritania and by 100 mm (13%) 10 the
south of Lake Chad.

Figures i2 and 13 show the patterns of seasonal
rainfall anomalies with respect 10 the 6-vr mean. 1983-
&88. as compuied from surface daz (Fig. 12) and com-
puted from all Meteosat data (Fig. 13). The observed
and satellite-derived anomalies are consisient. but sig-
nificant differences exist. The difierences tend 10 occur
In zones where surface data are few or nonexistent and.
therefore. must be interpreted as 2n artifact due 10 in-
terpolation 1echniques used for the surface network.
The 1983 and 1984 seasons are generally drier than
those of the other vears, and the 1988 season is the
wettest. Unlike the rainfall patierns ( not shown here).
the anomaly patierns do not exhibit a sirong zona)

character. Both satellite and surface observations show

that the drought during 1983 affected almost the whole

region except the north of Burkina and the south of
Niger. In contrast 1¢ 1983. 1984 was weiter by more
than 100 mm in the southernmost part of the region
of study (Guinea. Senegal) and by more than 30 mm
norih of Ghana ancd Benin. where the rainfall deficit
was as Jarge as 100 mm 1n 1983. The seasons of 1683
and 1986 were. in comparison. wetter almost every-
where. particularly between 10°W and 10°E along
10°N in 1985 and south of 15°N in 1986 The 1987
season 1s characterized by one zone with negative
anomnalies centered a1t 12°N. 10°E (Nigena). where
the deficit reaches 100 mm. Positive values dominate
the anomaly field in 1988. especially in the southeast
(Niger. Nigena. Chad). where rainfall is in excess of
200 mm. _

The above results. in particular the nonzonal aspect
of the anomaly fields. strongly suggest tha: care should
be exercised when analvzing rainfall data averaged over
Jautudinal bands (e.g.. Nicholson 1993: Lamb and
Peppler 1992). Longitudinal vanability in the anom-
alies is subsiantial. indicating that some sub-Saharan
regions may receive above-average rainfall during a
vear cataloged as dry based on zonal averages. It is
important 10 point out that the 6-vr study period may
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not represent the long term. However, the satellite es-
timates are not affected by changes in the surface station
network.

The results in Figs. 12 and 13 suggest that the sat-
ellites adequately capture the interannual vanability of
rainfall in the region. This is further tested using spatial
averages within strips located between 13°~16°N and
18°~5°W (left) and 13°-~16°N and S°W-15°E (nght)
{Fig. 14). This tests the robustness of the algorithms
geographically and temporally. There is good agree-
ment between observations and sateliite estimates. and
the satellite estimates clearly capture the differences
between the eastern and western sectors in the amount
of rainfall. The agreement is somewhat better for the
mean radiance method, but the threshold method does
indicate somewhat greater interannual variability.

¢. The convergence zone over Vi'est Africa

Some of the earliest papers on the Sahel drought
suggested that the primary cause of the drought was a
simple equatorward displacement of the ITCZ over
West Afnca (e.g., Bryson 1973). Since that time a
number of papers have examined the role of this factor.

with various authors reaching substanually different
conclusions. Lamb (e.g.. 1978a.b) and Hastenrath
(1984). for example. have detected a correspondence
between latitudinal position of the ITCZ and Sahel
rainfall. Others. such as Tanaka et al. (1975). Nichol-
son (1981). and Newell and Kidson (1984). have
demonstrated that anomalous ITCZ positions bear a
relationship 1o rainfall in only some cases. notably years
when rainfall is above normal in the Szhel but below
normal in equatorial latitudes. Part of the reason for
the difference of opinion is that the ITCZ is defined
based on surface pressure and winds in some studies
but on maximurm rainfall or convection in others (Ni-
cholson and Palao 1993). Also. some have examined
the ITCZ over land. others over the adjacent ocean
regions.

In general, the studies indicating a relationship be-
tween the ITCZ and Sahel rainfall are based on wind
pressure and convergence patterns over the Atlantic
Ocean. where there is minimal rainfall daia. while those
disputing 1t are based on rainfall over the continent,
where wind and pressure data are poor. Since the ITCZ
is considered 10 be a locus of maximum convection
rather than maximum rainfall, the satellite data provide
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a third useful methodology for determining its position
over land. Moreover, satellite analysis provides a way
to directly compare the ITCZ position over land and
water. Since the prevailing east-west line of maximum
cloudiness indicates that the ITCZ is easy 1o identify
in satellite images, F gives a way 10 describe its monthly
mean location and intensity over both Jand and ocean.

Here, the monthly mean frequency of cold cloud
index images (F) is used 1o evaluate the north-south
excursion of the ITCZ and also its convective intensity
during the wettest summer months (July-September)
of these six years. Both maps and latitudinal transects
of convective activity and rainfall are used to evaluate
the location and intensity of the ITCZ and the latitu-
dinal extent of the associated cloud band.

Figures 15~17, containing monthly maps of F over
West Africa, illustrate some interesting features of the
convergence zone. The prevailing easi-west line of
maximum convection is broader farther north and
more dynamic over land than over the adjacent ocean.
The main features of the ITCZ remain fairly constant
duning the north-south excursion from July 1o Sep-

tember. One example 1s the persistence of maximum
F cells over the highlands of Guinea and Nigeria. Be-
tween these cells lies a zone with relatively low values
of F centered north of the Ivory Coast. This zone is
generally observed in rainfall patterns as well, with its
southern extremity corresponding to the anomalous
“drv zone” along the Guinea coast.

These figures reveal changes from vear 10 vear in
the intensity and latitudinal extent of the rain belt. The
core region of maximum convection is generally lo-
cated farther north during 1988, the wertest vear. No
differences are apparent between 1983 and the wet vears
of 1985 and 1986. The line of maximum convection
was jocated somewhat farther south during 1984 and
1987, vears corresponding to drv conditions in the
eastern Sahel but wet conditions in the southwest
(Guinea). The contrast berween 1988, the wettest year,
and 1983, the dniest vear. is readily apparent for July
and August, with the rain belt being broader and con-
vection more intense during the wetter year. The con-
vection is, in general, more intense in the three wettest
years (1985, 1986, and 1988) than during the three
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driest (1983, 1984, and 1987). The contrast is partic-
ularly strong between 1988, clearly the wettest vear.
and 1983. During July and August 1983, the index
values of the core region of maximum convection do
not exceed 8. Only over the highlands of Guinea and
Nigeria have index values exceeded these values, Dur-
ing August 1988, in contrast, the core region of max-
imum convection has index values exceeding 12.

The lautude and intensity of maximum convection
1s further ilustrated in Figs. 18 and 19, latitudinal cross

sections of monthly rainfall and convective iniensity
for three north—-south transects in West Africa. One set
1s derived from observed rainfall, the other from cold
cloud frequency F. In the latter case, F was not con-
vertied 1o rainfall because the rainfall-cold cloud fre-
quency relationship used in producing Figs. 10b and
10c was denived from seasonal data and is not appli-
cable on monthly scales. Nevertheless, there 1s quali-
tative agreement and both sets of transects can be used
to roughlv approximate the “‘center of gravitv” (i.e.,
the ITCZ position over West Africa), and the intensity
and latitudinal extent of the rain belt.

On the left-hand side of each figure is a 3-vr “dry”
composite for the vears 1983, 1984, and 1987; on the
right-hand side is a “‘wet” composite for 1985, 1986,
and 1988. Both Figs. 18 and 19 show a tendency for
the maximum of convection and rainfall 1o be some-
what farther north during the wet composite than for
the dry composite. The differences are most apparent
in the eastern Sahel near 10°E and are least apparent
in the western sector near 10°W. Stronger contrasts
between wet and drv composites are apparent in the
latitudinal extent and intensity of the rair belt.

Transects were also examined for each individual
vear and further suggested that the primary contrast
between wet and dry vears is the exteni and intensity
of convective activity rather than the location of the
convective maximum, or ITCZ. The transects for the
driest and wettest vears, 1983 and 1988 (Fig. 20),
clearly illustrate this contrast.

In 1983, the latitudinal location of maximum con-
vective in July-Sepiember is approximately 9°-10°N
at 10°W, 11°=12°N at 0° longitude, and about 6°-
7°N at 10°E. No svstematic differences are apparent
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between 1983 and the wet vears 1983 and 1986 (not
shown here); however, the contrast with 1988 is strik-
ing. The convective maximum is clearly displaced
northward in 1988 at 10°W and 10°E but not in the
central Sahel at 0° Jongitude. Nevertheless, in all three
cases, the contrast between 1983 and 1988 is more
readily apparent in the intensity of convection. At
10°W, the core region of convection has index values
exceeding 15 in 1988, but in 1983 values exceed 15 in
a very limited area. At 0° longitude, a clearly defined
core shows values in excess of 12 in 1988 but in excess
of 9 in 1983. At 10°E index values exceeded 15 in a
very limited area during July through September 1983,
but the index exceeded 15 in most of the region in
1988. The size of the areas bounded by index values
of 3 and 6 also clearly shows a broader zone of maxi-
mum convection during 1988 than during 1983.
Although the composite maps suggest that the ITCZ
1s farther north during wet vears than during dry vears,
that difference is largely due to the significant north-
ward displacement in 1988 alone (the werttest vear).
No systematic difference in the ITCZ location is ap-
parent between the dry years and the remaining wet

vears. On the other hand. differences are readily ap-
parent in the intensity and spatial extent of the con-
vective maximum, with the contrast between the wet-
test vear and the driest year being particularly strong.
This supports the conclusion of Nicholson (1981 ) that
the ITCZ appears 10 be displaced northward in some,
but not all, wet years in the Sahel. but that no anom-
alous southward displacement is evident in dry years.
Drought in the Sahel is then apparently more clearly
linked 10 reduced convective acuivity. These conclu-
sions are also consistent with recent findings of Waliser
and Gauter (1993), who demonstrate that there is no
svstematic relationship between the latitude of the
ITCZ over West Africa and rainfall in the Sahel.

6. Conclusions

When appropriate cabibrations are applied, Meteosat
thermal infrared radiances combined into appropriate
predictor variables can provide a good description of
rainfall variability in the Sahelo-Soudanian region.
Estimates for the analysis period of 1983-88, using F
and R, show good agreement with conventional data.



More than st o1 the spaual vanenee in ihe surface
rainfel) dats s explained by either predictor vanable
m reeions 1 and 2 (between 9° and 30°N) . However.
south of 95N (region 3). where the monsoonal flow
produces stratiform rain, poor correlations are obtained
between estimated and observed rainfall. Thus. the
satelhine algorithms mav not be applicable everywhere
in tropical Africa and care must be exercised when
attempting 1o generalize these techniques.

The satellite-derived spatial distribution of seasonal
rainfall compares well with that obtained from the sur-
face observations. except in regions where the station
network is sparse. This is the case. for example. in the
northern Sahel and Sahara. where the 100- and 200-
mm isohvets are shifted substantially northward when
the satellite estimates are computed at points corre-
sponding 10 the station network. In this region. a sparse
station network can produce errors of up 10 50% in the
rainfall estimates.

The satellite estimates of the interannual vanability
of rainfall are gquite accurate using either predictor
variable. In the western Sahelo-Soudanian region. sat-
ellite estimates showed 1983 and 1984 1o be the driesi
vears and 1988 to be the wettest. in agreement with
observed rainfall. In the eastern Sahelo-Soudan. sat-
ellite estimates and the surface network data showed
that 1984 and 1987 were the driest vears and 1988 was
the wettest.

This study further demonstrates significant inter-
annual vanability in the intensity of the convection
associated with the ITCZ and in the latitudinal extent
of the rain belt. The pnmary contrast between wet and
dry vears appears 1o be the intensity and extent of the
convective acuvity rather than the location of the con-
vective maximum. No systematic difference in ITCZ
location is apparent between dry and wet vears, except
in 1988 (the wettest vear) when the ITCZ was signif-
icantly displaced northward. This suggests that rainfall
variability in the Sahel mayv be mostly controlled by
factors governing the vigor of the convection. such as
those determining the number and intensity of squall
lines or the efficiency of the water vapor convergence
within the region.
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Abstract

The study presents a model of Top Of the Atmosphere (TOA) and surface
reflectances in the visible and near-infrared. The reflectance is parameterized as the
product of an isotropic component (constant) of the reflection by normalized
temporal and bidirectional functions. The bidirectional function uses a simple
physical representation of viewing geometry. The temporal function is represented
as a development in modified Fourier series. An iterative scheme is used to adjust
the constants of the model. The analysis is applied to three individual locations
consisting of 15 x 15 NOAA/AVHRR pixels acquired in 1992 during the HAPEX-
SAHEL experiment (Niger). Clouds were screened using a threshold standard
deviation of reflectance (visible) and mean brightness temperature (thermal
channel 4). The study allowed the highest frequency fluctuations in the dataset to
be reduced substantially (about 85% of the variance is explained) and enabled the
temporal variation of the land surface cover to be detected. Comparisons between
results obtained with TOA and atmospherically corrected surface reflectances show

that there is a need to improve the monitoring of aerosols, however, the angular



effects were the largest contributors to high frequency f{luctuations in the

NOAA/AVHRR data.



1. Introduction

The increasing concern about climate change on a regional and global scale
requires land surface characteristics, such as surface albedo and vegetation cover
variables, be measured on a regular basis since these play a key role in the energy
and water balances of the surface. At present, the Advanced Very High Resolution
Radiometer (AVHRR) onboard the NOAA meteorological satellites acquire data in
visible and near-infrared wavelengths on a daily basis, allowing one to monitor
vegetation cover over the entire globe (e.g. Tarpley et al., 1984; Justice et al., 1985).

Long-term monitoring of land surface characteristics requires temporal
stability of the satellite sensors and correction of angular and atmospheric effects.
Angular effects have been studied for selected vegetation canopies (e.g. Kriebel, 1978;
Kimes, 1983; Gutman, 1987; Roujeanv and Leroy, 1991). The magnitude of these
effects may lead to large errors, especially when observing the vegetation
phenological evolution on a regional scale (Gutman, 1987, Roujean and Leroy,
1991). To reduce the short-term fluctuations in the time series of visible and near-
infrared reflectances, and thus, to calculate the Normalized Difference Vegetation
Index (NDVI), measurements should be corrected from atmospheric and angular
effects. One problem with the type of algorithms used to make these corrections is
the uncertainty in the atmospheric data, which may be large (Roujean et al. 1992a;

Souffiet et al., 1991). Another problem is the number and type of observations

required to determine the surface Bidirectional Reflectance Distribution Function

(BRDF). The number of observations must at least equal the number of parameters
(generally 3 or more), and observations should not be too distant in time for the
surface to be considered invariant (Roujean et al.,, 1992b). Since the surface BRDF is
not known, one cannot readily account for surface anisotropy in the atmospheric

correction scheme.




A common technique to minimize cloud contamination, angular and
atmospheric effects calculates the maximum value of a vegetation index for a given
target over a period of one week to 10-days. The maximum value is assumed to
correspond to a minimum in aerosol and water vapor contents and cloud cover
(Holben, 1986). However, this Maximum Value Composite (MVC) technique selects
preferentially observations in the forward scattering direction (Gutman, 1991, Leroy,
1994). Because of random cloud contamination, this forward scattering direction is
not always selected in data time series, leading to high directional noise in NDVI
time profiles and moreover in corresponding reflectances (Qi and Kerr, 1994). Other
proposed techniques for compositing AVHRR NDVI data have similar drawbacks
(Qi and Kerr, 1994).

Most of studies on the BRDF have been carried out over uniform cover types
at the plot scale (Deering et al., 1992; Holben, 1986; Kimes, 1983). There has been
little attempt to translate the results from ground measurements to satellite
measurements. Owing to the lack of a calibrated and physically based-model, this
study used a simple empirical model as the product of an isotropic component
(constant) of reflectance and normalized temporal and bidirectional functions. The
BRDF used cannot fully represent any bidirectional effect for all geom»etries, it is
simple and well-adapted to the range of solar and viewing angles corresponding to
the NOAA/AVHRR data acquisition. The modeling assumed that angular and
temporal effects on reflectances can be separated. If most of the variance can be
explained by the model, then the temporal function will be indicative of
phenological changes in surface vegetation. This model has already been tested
using NOAA/AVHRR data acquired during the FIFE experiment (1987) over the
Konza prairie (United States) (Ba et al., 1994). Here, the mode! is applied to three
different locations selected inside the HAPEX-SAHEL site where AVHRR data were

acquired from May to October 1992. Since the BRDF model used here is the same as



that applied to the FIFE site, a comparison will be made between the model
parameters obtained at these two locations. These comparisons will help us to
discuss the robustness of the model under varying conditions and to anticipate its
validity. In this study, we used both TOA and atmospherically corrected

reflectances. Model performance with each of these two data sets is discussed.



2. AVHRR data

From May to October 1992, the HAPEX-SAHEL Information System (HSIS)
processed and archived 5 bands of AVHRR HRPT (NOAA 11 and 12) image data
(Kerr et al, 1993) obtained through the AGRo-HYdro-METéorologique
(AGRHYMET) center receiving station in Niger. The HAPEX images consist of 512
rows of 512 samples covering the area between 0° and 5°E and 11° and 16°N, which
includes the HAPEX-SAHEL site (2-3°E, 13- 14°N).

HSIS calculated several variables from the satellite radiances: brightness
temperature for channels 4 and 5, TOA-reflectance for channels 1 and 2, TOA-
Normalized Difference of Vegetation Index (NDVI) and TOA- Modified Soil
Adjusted Vegetation Index (MSAVI) obtained from channels 1 and 2, (Qi et al., 1994,
Chehbouni et al., 1994), atmospherically corrected reflectances for channels 1 and 2
(surface reflectances), surface NDVI and MSAVI, surface temperature based on the
improved Split Window algorithm (Kerr et al. 1992), and the zenith and azimuth
angles for both the sun and the sensor.

To obtain the ground level reflectances, HSIS performed atmospheric
corrections (Kerr et al., 1993) on channels 1 and 2 using the Simplified Method for
the Atmospheric Corrections (SMAC) (Rahman and Dedieu, 1994), which is based
on the 55 radiative transfer code (Tanré et al., 1990). These corrections take into
account Rayleigh (molecules) and Mie (aerosols) scattering effects, as well as water
vapor, ozone, oxygen and carbon dioxide absorption. Water vapor content was
derived from a European Centre for Medium-range Weather Forecasts (ECMWF)
model] analysis and the ozone content is set to a constant of 0.25 atm.cm. Aerosol
optical depths were not available over the whole area and were set to a constant
value of 0.2 at 550 nm, which corresponds roughly to the less turbid days in the
Sahelian regions (10% of the days) (Faizoun et al., 1994). A typical aerosol model,

namely the continental model of the World Meteorological Organization (WMO), is



selected to generate the aerosol phase.” Raleigh scattering and oxygen and carbon
dioxide absorption are applied assuming a standard pressure at the ground level
(1013 hpa).

Intensive measurements of hydro-meteorological parameters variables were
made during the HAPEX-SAHEL field measurement campaign in three super-sites
(Southern, Central East and Central West sites). For each of the three super-sites, we
selected AVHRR sub-images consisting of 15 by 15 pixels centered at 13.2°N, 2.24°E;
13.54°N, 2.69°E; and 13.55°N, 2.57°E, respectively.

3. Processing of AVHRR data
3.1 Times series of raw data

We computed spatial averages and the standard deviation of reflectances
(channels 1 and 2) and brightness temperature (channel 4) from all pixels inside the
windows of the 15x15 pixels taken from each of the three super-sites. The time
series of average reflectance (Figs 1a and 1b) show some high values, but these are
not systematically associated with high standard deviations, which may indicate the
presence of incréasing cloud cover over the sites in some cases. This is confirmed by
the brightness temperatures (Fig. 1c), which shows lower values at the same time as
high reflectances. Clear sky conditions are characterized by high values of brightness
temperatures, about 310 K in early and later summer and about 295 K in the middle
of the rainy season (Fig. 1c), owing to the cooling effect of evapotranspiration
associated with growing vegetation and rainfall. No seasonal signal can be detected
in either channels 1 or 2 (Figs 1a and 1b).

3.2 Cloud screening




A common technique used to cloud-screen AVHRR data over land consists of
an analysis of the local variance in the data (Coakley and Bretherton, 1982; Gutman
et al., 1987, 1994; Ba et al., 1994). Over a relatively homogeneous surface, such as the
HAPEX-SAHEL site, we expect higher spatial standard deviations of reflectance and
brightness temperature in the presence of broken clouds. When clouds cover the
entire site, the standard deviations may be as small as those in cloud-free conditions,
preventing cloud detection using the standard deviation, but the average brightness
temperature may be significantly lower in many cases, as shown in Figure 1c.

Based on these considerations, we examine the relationship between the
spatial standard deviation of reflectances and the average brightness temperature in
channels 1 and 4, respectively (Fig. 2). Clear sky conditions are characterized by low
standard deviations in the visible (less than 0.025) with a brightness temperature
larger than 285 K. A low standard deviation of reflectance and low brightness
temperature indicates a uniform cover of cold clouds over the sites. Warm
temperatures with a large standard deviation indicate broken cloud cover. We
assumed thresholds of 0.025 and 295 K for the standard deviation and brightness
temperature, respectively, provided the best cloud screening. From the original set
of 534 data points (178 images x 3 sites), 371 were classified as cloud-contaminated for
the three sites taken together. However, we did not expect that the cloud screening
procedure would eliminate aerosol contaminated images, since aerosols induce a
decrease in the scene contrast and a low variance with only a slight decrease of
brightness temperature on the order of 1K for an increase of 0.2 (at 550 nm) of the
optical depth (Tanré and Legrand, 1991).

After cloud screening, TOA reflectances still exhibited high frequency

fluctuations (Fig. 3), but were substantially reduced when the reflectances in

channels 1 and 2 (Rj and Rj), were combined into the NDVI (Fig. 4a-c). The NDVI



time series suggests the seasonal cvcle of the vegetation . Around Julian days 210 to
225, there was no data left after cloud screening. Figures 4d-f indicate that most of
rain occurred during this period of time (see Lebel et al, 1992, for detailed
description of the measurement network, and Lebel et al., this issue, for rainfall data

analysis).
4. Fitting reflectance profiles with temporal and bidirectional functions

Figures 5 displays the cloud screened data , as a function of the viewing angle,
gy - The values of g change rapidly from one day to the next because of the wide
field-of-view of the sensor and the 9-day repeat cycle of the satellite; these range
between - 66° and 66°. The negative and positive values correspond to antispecular
(backward) and specular (forward) reflection/scattering conditions, respectively. For
both TOA and surface reflectances, the plots show a strong dependence of the
observed reflectances on the viewing angle. For channels 1 and 2, 60% and 66%,
respectively, of the variance of TOA reflectance is explained by a second order
polynomial in ¢, indicating that directional effects linked to the anisotropy of the
earth-atmosphere system are a major contributor to the variability of the TOA
reflectances. This simple model, however, explained only 30% of the variance of
surface visible reflectance. For the surface near-infrared reflectance, on the other
hand, 71% of the variance was explained, instead of 66% for TOA reflectances. Also
the angular dependency of surface near-infrared reflectances was higher than for
TOA data.

These results might be explained by a larger impact of aerosol optical depth on
the visible rather than on the near-infrared measurements (Tanré et al., 1992) and
the use of a constant optical depth for atmospheric correction. Near-infrared

measurements, however, are less sensitive to aerosols, particularly when data with




large optical depths have been removed, but are still sensitive to atmospheric water
vapor which has only been accounted for by ECMWEF weather forecast model
analysis predictions. The plots presented in figure 5 suggest that atmospheric effects
tend to smooth the angular dependency of TOA reflectances, at least in the NIR

channel.

Leaving aside the problems of sensor degradation, which are assumed to be

taken care of in the pre-processing stage (Kaufman and Holben 1993, Kerr et al. 1993),

we modeled the observed reflectance, R;(t), in channel i (i=1 for VIS and i=2 for

NIR) over a given period as:

Ri(t) = RgiF(t)Gi(qs,qp.f) (1)

where Ry is the isotropic component of the reflection, F(t) describes the temporal
evolution of Rg, and G is a function of the viewing geometry, namely the solar
zenith angle, g, the viewing angle, ¢; , and the relative azimuth, f = f; - f;,, all of

these angles varying with the time of the observation.

In the above equation, the F(f) function accounts for the evolution of Rpj

driven by changes in surface properties such as vegetation growth and senescence.
Fluctuations of bidirectional reflectances, R;(t), resulting in varying illumination
and viewing conditions are accounted for by the bidirectional function G which is
assumed to be constant throughout the study period. The underlying assumptions
are that the bidirectional reflectance model changes at a slower rate than the

amplitude of the reflectance. RpF(t) should allow us to accurately monitor the

temporal evolution of surface reflectance and infer information about surface



properties, e. g. vegetation phenology and soil albedo changes with water content.
More details on the model can be found in Ba et al.,, 1994.

We assumed that the temporal variation of reflectances F(t) (i.e., phenological
changes in the surface vegetation) over a season can be described as a Fourier series
(e.g., see Sellers et al., 1994). The underlying assumption is that the vegetation
response to environmental conditions (e. g., rainfall, drought, etc.) ranges every few

days. The function F(t) reads:

N , .
Ft) =1+ Y laglcos nwt - ay ] + bylsin nwt - by ]} (2)

n=1

where w = 2p/184 when t is the day (day 1 = May 1 and day 184 = October 31), and N
the number of harmonics. As in Ba et al. (1994), we limit the number of harmonics

to N = 5 to include a sufficient number of harmonics to describe seasonal reflectance

changes associated with vegetation changes. The constant ap and by are

introduced to normalize to the unity of the average F(t) over the study period. If P
denotes the number of observations, and subscript j the observation at time t;, we

have:

’ 1 P ’ 1 P
ay =% . cosnwtj ; by =5 2, Sinnwt; (3)

=1 j=1

The bidirectional model is a combination of two angular functions f1(¢s,gy./) and

f2(gs,qvf), and is given by:

G(q5,.9u0) =1 + g1lf1(q5.90) - f1 1+ $20f2(qs.qp ) -f2 ] (4)



t

where f; and fp , like a,; and by of the temporal model, are constants which

have to be empirically determined from the data. The right-hand side of Equation 4
is the sum of three terms that account for specific directional behaviors, namely
isotropic, azimuthally-independent, and azimuthally-dependent, yet symmetric. A

number of functions may be candidates to represent the functions f; and f2 . Asin

the study conducted by Ba et al. (1994), using AVHRR data acquired in 1987 over the
Konza Prairie during FIFE, the best results here were also obtained by the

combination of functions given by:

1
f1= €0s S + cos qv (5)
f2 = sin ggsin gy cos f (6)

The function f7 in Equation 5 represents the angular effects associated with

any isotropic volume scattering by a thin layer, such as a layer of vegetation or the
atmosphere. It also represents the angular effects of attenuation/transmission
through an absorbing medium. The function in Equation 6 accounts for
asymmetric effects (the term f) which increase with solar and viewing angles (the
term singgsingy) . This describes most of the anisotropic effects resulting from the
roughness of bare soil and from the structure and inclination of leaves within the
vegetation canopy.

The constants f; and f, are introduced, like 2, and by, of the temporal

model, to normalize the average G to unity. These are given by:

1 P b
f1 =pY nsavif2 =5

j=1 j

f2(qs.9v,1); 7)

N aels



where the subscript j denotes observation j of the dataset. With the average F and G

normalized to unity, Rp in equation 1 represents the average reflectance over the

study period.

An iterative scheme is used to determine the twelve parameters of the non-
linear reflectance model defined by Equation 1. Since the bidirectional and temporal
components of the model, F and G, are linear in cosine and sine functions, our
approach was to retrieve F and G successively using a multivariate linear regression
and to iterate until convergence occurs. Figure 6 shows this analysis graphically.
The least square multiple linear regression to estimate the bidirectional model was
between the observed reflectances, R(t), normalized by the previously estimated (last
iteration) F(t), with F(t) equal to 1 as a first guess, and the two functions f; and f) .

The results were the coefficients , Ry, g7 and g2. Similarly, the least square multiple

linear regression to estimate the time model was between the observed reflectances,

’

R(t), normalized by the previously estimated G, and the series cos nwt - a,;, and sin

’

nwt - by . These results were the coefficients Rp, a,; and by, for each of the

channels. Thus, at each iteration, Ry is determined twice, but the difference between

the two estimates was always negligible owing to the normalization of F and G

'

(constants f; and fp ,a, and by ). Convergence was obtained rather rapidly after

a few iterations, but ten iterations were used to secure stable results.

6. Results

The iterative scheme was applied to each of the datasets for both TOA and

surface reflectances. We first present separately the results obtained for TOA and




surface reflectances, then, we discuss the relative performance of the model with

these two different data sets.

6.1. Results at TOA

For all sites and both channels, the model explained 85-88% of the variance
(Table 1, Figs. 7a-7c and 8a-8c). Bidirectional model parameters derived for the three

sites (Table 2) were rather stable, with a lower g7 parameter in the near-infrared

band than in the visible. The residual errors after regression were quite small
compared to average reflectances, and were only 5 and 4% of Rp7 and Ry for each of
the sites, respectively.

The modeled NDVI, computed from the modeled reflectances, agreed well
with the observed NDVI (Figs 9a-9¢). An interesting feature was that the correlation
was higher between the predicted and observed NDVI than between modelled and
predicted reflectances : 90-94% of the NDVI's variance was explained by the model.
A possible explanation is that the combination of visible and near-infrared
reflectances in NDVI tends to limit the impact of bidirectional behavior which was
not accounted for by the bidirectional function G.

Figures 10a-10c and 1la-11c show RpF(t), i.e. the temporal profiles of the
isotropic component of the reflection, for the visible and near-infrared channels,

respectively, and figures 12a-12c show the resulting NDVL.
6.2. Results with atmospherically corrected reflectances
For all sites, the model explained 79-81% of the variance in the visible, but 86-

89% of the near-infrared variance (Table 1, Figures 7d-7f and 8d-8f). Bidirectional

model parameters derived for the three sites (Table 2) were rather stable, with



higher values for the g7 and gy parameters in the near-infrared than in the visible
band. The residual errors after regression were 6% of Ry for visible reflectances and

4-5% of Ry for near-infrared reflectances.

The modeled NDVI], computed from the modeled reflectances, agreed well
with the observed NDVI (Figs. 9d-9f). About 92% of the variance of NDVI was
explained by the model. Figures 10d-10f and 11d-11f show RgF(t) for the visible and

near-infrared channels, respectively, and figures 12d-12f show the resulting NDVIL.

6.3. Relative performance of the model with TOA and atmospherically corrected

reflectances

Atmospheric corrections only slightly increased (4-7%) visible reflectances
(Table 2) since for reflectances of the order of 0.25-0.30 the effect of atmospheric
scattering is nearly neutral. In other words, atmospheric reflectance correction
(substraction from TOA reflectance) is compensated by correction of total diffuse
transmission. On the contrary, atmospheric corrections led to a large increase (35%)
of near-infrared reflectances which can mainly be attributed to the correction of
water vapor absorption.

In terms of explained variance and rms errors, the relative performances of
the model with TOA and atmospherically corrected near-infrared were very similar.
In contrast, in the visible channel, the results were slightly better with TOA than
with atmospherically corrected reflectances. As previously mentioned, the main
atmospheric effect in the near-infrared channel is water vapor absorption, while
aerosols play a major role in the visible (Tanré et al. 1992). The better results

obtained with near-infrared than with visible reflectances may have resulted from



more accurate data for water vapor content than aerosol optical depth (see Ouaidrari
et al., 1994 for a comparison of ECMWF waper vapor data with radiosondings). In
addition, the water vapor amount was rather high during the rainy season and
absorption quickly saturates. Errors in the water vapor amount have less impact on
the surface reflectance estimates than inaccuracies in the assessment of aerosol
optical properties (optical depth, phase function and single scattering albedo).
Atmospheric correction also modified the value of the bidirectional function

parameters, ¢7 and gy (table 2). The g7 parameters became rather similar in the

visible and near-infrared channels (approximately 0.7) instead of approximately 0.8

and 0.5 in the TOA visible and near-infrared data, respectively. It is assumed that g1
accounts for isotropic volume scattering and absorption processes. It probably
accounts for the water vapor absorption when fitting near-infrared TOA reflectances
and, therefore, increases when this absorption is explicitly corrected. In other words,
at large viewing angles, water vapor absorption lowers the TOA reflectances, while
directional effects increase them. This compensating and smoothing effect of both

processes on TOA reflectances is removed by an atmospheric correction, leading to

an increase of the reflectance directionality and of the g7 parameter at near-infrared
wavelengths. The gy parameter was rather stable for channel 2, probably because
water vapor absorption depends on the optical path but not on the relative azimuth.

In the visible channel, the values of the g7 and gy parameters decreased
when fitted with atmospherically corrected data, compared to the TOA
measurements. The explanation is complex, since several processes interact and a
more comprehensive analysis based on radiative transfer modelling would be
needed : i) most of the AVHRR observations fell in the principal plane and in this
configuration there is 2 strong difference of aerosol effects between backward and
forward scattering, and, therefore, a strong directionality of TOA reflectances that is

partly removed by the approximate correction of aerosol scattering we applied ; ii)



the surface reflectance was roughly 0.3, a value that leads to a slight decrease of TOA
reflectance by scattering compared to the surface, this decrease being larger for high
viewing angles and therefore partly compensating the increase of surface directional
effects. Even though aerosol optical depths are not accurately accounted for, we

expect that the applied correction partly removed the directionality due to aerosol

scattering and led to a decrease of g7 and g».

6.4. Comparison of model performances during dry and wet season

As land surface characteristics change depending on the state of vegetation,
particularly during the transition (growth/decay) phases, the bare soil and a fully
developed canopy may have a different BRDF. We therefore apply the bidirectional
function separately on TOA data collected in May-June (the end of dry season) and
during the rainy season (August-September) when the vegetation is expected to be
fully developed. For all three sites, 87-90% and 77-88% of the variance was
explained by the bidirectional function in the visible and near-infrared, respectively,
during the May-June period. During the August-September period, the bidirectional
function explained 71-81% and 79-88% of the variance in the visible and near-
infrared, respectively. Thus, the BRDF alone explained most of the variance of
calculated reflectances under different phenological states of vegetation cover, and it

also indicated that angular effects are major contributors to data fluctuations in

agreement with a previous study (Ba et al.,, 1994). The constant, g7, was two times

greater for August-September than for May-June, but the constant, gy, was in the

same magnitude for the two periods with a slightly lower value during the rainy
season. Although the value of these constants were different for the dry and rainy
seasons, the results showed that the bidirectional model may be generally suited

under different surface conditions. Determining the temporal function for the dry



and wet seasons would have required dividing the dataset and, thus, separately

considering subsets containing too few observations for statistical significance. Still,

the performance of the bidirectional model, applied with single constants g7 and g»
for the dry and wet season, was good. The values of constant g7 were more than

seven times greater than those of constant g5, indicating the predominance of non-

azimuthally dependent effects over azimuthally-dependent ones. This is also in
agreement with a previous study using the dataset acquired in 1987 over tall grass in

the Konza Prairie (United States) during FIFE (Ba et al. 1994).

7. Summary and conclusions

Vegetation phenology can be monitored by the NDVI calculated from
NOAA/AVHRR data over the entire globe. The composite of maximum NDVI
over one week of a given period does not eliminate all cloud contamination,
particularly for regions in which clouds are present for several consecutive days.
However, in the present study, the normalization incorporated in the NDVI
substantially minimized the angular effects in the HAPEX-Sahel data. A simple
model was used to separate the temporal and bidirectional effects on NDVI. The
temporal function represented the surface cover change over a long period of time.
The study showed that most of the variance (79-88% ) was explained by the coupled

time and bidirectional models.

The values of constant g7 found for the Konza Prairie were approximately

two times greater than those for the HAPEX-SAHEL and the values of constant g7

were three times greater. It is to be expected that, the more vegetation there is
present, the more these terms will be important and the less the short vegetation (as

in the Sahel ), the less important they are. Thus, our results suggest that the two



bidirectional functions are well suited to represent the physical process of scattering
and anisotropy of land surface vegetation generally.

The comparison of the results obtained with TOA and atmospherically
corrected reflectances suggested that a more comprehensive study is needed to
account for the various interacting processes. However, it does confirm that the
impact of aerosols is a major issue in the Sahelian region and we have mentioned
that our cloud filtering procedure does not eliminate every large aerosol event. A
compositing procedure based on the maximum NDVI would probably work better,
but the drawback would be to limit the angular sampling needed to fit the
directional model. The development of a sunphotometer network (e.g. Lavenu
1993) and the availability of POLDER measurements and products by the end of 1996

(Deschamps et al., 1994) should allow for better correction for aerosols effects.
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Table 1. Comparison statistics between observed and modeled reflectances.

SOUTHERN SITE

VISIBLE (CH1)

NEAR-INFRARED (CH2)

No. of points 58 58
TOA GROUND TOA GROUND
Standard deviations before 0.039 0.041 0.039 0.059
modelization
Explained variance (%) 87 79 85 86
RMS ERRORS 0.014 0.019 0.015 0.022

CENTRAL EAST SITE

VISIBLE (CH1)

NEAR-INFRARED (CH2)

No. of points 49 49
TOA GROUND TOA GROUND
Standard deviations before | 0.040 0.040 0.038 0.059
modelization
Explained variance (%) 88 81 88 88
RMS ERRORS 0.014 0.017 0.013 0.020

CENTRAL WEST SITE

VISIBLE (CH1)

NEAR-INFRARED (CH2)

No. of points 55 55
TOA GROUND TOA GROUND
Standard deviations before 0.039 0.040 0.038 0.057
modelization
Explained variance (%) 87 81 88 89
RMS ERRORS 0.014 0.018 0.013 0.018




Table 2. Bidirectional model parameters

SOUTHERN CENTRAL EAST CENTRAL WEST
TOA GROUND TOA  GROUND TOA  GROUND
CHI1 0.289 0.311 0.257 0.268 0.267 0.283
<0 CH2 0.334 0.450 0.312 0.421 0.317 0.427
CH1 0.741 0.667 0.852 0.686 0.847 0.658
5! CH2 0.547 0.761 0.506 0.716 0.534 0.740
CH1 0.133 0.075 0.128 0.068 0.109 0.047
5 CH2 0.104 0.089 0.124 0.119 0.097 0.088




Table 3: Summary of statistics: Averages (MEAN) and standard deviations (STDV)
of reflectances in visible (R1 ) and near-infrared (R2) and NDVI computed at three
individual sites.

Values before modelization

SOUTHERN CENTRAL EAST CENTRAL WEST

TOA  GROUND| TOA GROUND| TOA  GROUND

R1 0.288 0.310 0.256 0.267 0.266 0.281

MEAN R2 0.334 0.450 0.312 0.421 0.317 0.427
NDVI 0.075 0.184 0.101 0.223 0.089 0.205

R1 0.039 0.041 0.040 0.040 0.039 0.040

STDV  R2 0.039 0.059 0.038 0.059 0.038 0.057
NDVI 0.048 0.057 0.050 0.064 0.053 0.065

Values normalized by bidirectional function

SOUTHERN CENTRAL EAST CENTRAL WEST

TOA  GROUND| TOA GROUND;| TOA  GROUND

R1 0.289 0.311 0.257 0.268 0.267 0.283

MEAN R2 0.334 0.450 0.312 0.421 0.317 0.427
NDVI 0.074 0.185 0.098 0.225 0.087 0.206

R1 0.028 0.037 0.027 0.038 0.029 0.039

STDV  R2 0.021 0.031 0.017 0.028 0.020 0.029

NDVI 0.049 0.055 0.053 0.062 0.057 0.062




Figure Captions

Fig. 1. Time series of NOAA-AVHRR data averaged over windows of 15 x 15 pixels
selected from the HAPEX Sahel area (a) TOA-reflectance in visible, (b) TOA-
reflectance in near-infrared, and (c) brightness temperature (channel 4). The spatial
standard deviation associated with each average value is represented by a vertical
bar. Data for all three sites (Southern, Central East and Central West) were
considered together.

Fig. 2. Relationship between standard deviation (visible) and average brightness
temperatures (channel 4). All three sites (Southern, Central East and Central West)
are considered together.

Fig. 3. Time series of NOAA-AVHRR cloud-filtered data averaged over windows of
15 x 15 pixels selected from the HAPEX Sahel area . TOA-reflectance in visible (left
side hand) and TOA-reflectance in near-infrared (right side hand). For each average
value selected as cloud-free, the standard deviation in visible is small and brightness
temperature is high. The top, middle and bottom plots represent Southern, Central
East and Central West sites, respectively.

Fig. 4. Time series of NDVI from NOAA-AVHRR (top) and rainfall (bottom). The
left, middle, and right plots represent Southern, Central East and Central West sites,

respectively. Within each site, we averaged rainfall measurements of about 5
stations.

Fig. 5. Reflectances in the visible (top) and near-infrared (bottom) as a function of
viewing angle, all three sites considered together. TOA-reflectances (left) and
ground-reflectances as computed from SMAC (right).

Fig. 6. Scheme to iteratively determine the parameters of the reflectance model.
Fig. 7. Observed versus modeled reflectances in the visible. TOA-analysis (left) and

ground-analysis (right). The top, middle and bottom plots represent Southern,
Central East and Central West sites, respectively.




Fig. 8. Observed versus modeled reflectances in the near-infrared. TOA-analysis
(left) and ground-analysis (right). The top, middle and bottom plots represent
Southern, Central East and Central West sites, respectively.

Fig. 9. Observed versus modeled NDVI. TOA-analysis (left) and ground-analysis
(right). The top, middle and bottom plots represent Southern, Central East and
Central West sites, respectively.

Fig. 10. Time series of observed and modeled reflectances in the visible. TOA-
analysis (left) and ground-analysis (right). Crosses represent the observations. Dots
represent the observations normalized by the bidirectional function. The top,
middle and bottom plots represent Southern, Central East and Central West sites,
respectively.

Fig. 11. Time series of observed and modeled reflectances in the near-infrared. TOA-
analysis (left) and ground-analysis (right). Crosses represent the observations. Dots
represent the observations normalized by the bidirectional function. The top,
middle and bottom plots represent Southern, Central East and Central West sites,
respectively.

Fig. 12. Time series of observed and modeled NDVI. TOA-analysis (left) and
ground-analysis (right). Crosses represent the observations. Dots represent the
observations normalized by the bidirectional function. The top, middle and bottom
plots represent Southern, Central East and Central West sites, respectively.
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Abstract

This paper evalutes the rainfall conditions of 1994 in the West African Sahel.
This analysis confirms that the vear was relatively wet in the Sahel. The strongest
positive anomalies occurred in the central Sahel and during the months of August,
September and October. Conditions in the western Sahel were, as a whole,
relatively dry. This year was the wettest for the region as a whole since 1969.
Nevertheless, rainfall barely exceeded the long-term mean and was still slightly sub-

normal in southern Sahel (i.e., the Soudan zone).



1.0 Introduction

A number of recent reports have suggested that 1994 was one of the wettest
years of the last quarter century (e.g., LeCompte et al. 1994). Some contradictory
information was recently offered by C. ]. Tucker (personal communication), whose
analysis of the Normalized Difference Vegetation Index in the "Sahel" (e.g., Tucker
et al. 1991) suggested conditions similar to 1980, a relatively dry year. Some of the
disagreement in the results can be attributed to the authors' definitions of the Sahel,
i.e., differences in the analysis domain. Nevertheless, these discrepancies and a
recent opportunity to obtain an expanded data set for the western "Sahel” prompted
this note, which examines the 1994 season in detail.

The analysis is based on a regionalization (Fig. 1) used in previous studies
(e.g., Nicholson and Palao 1993). This note focuses on the semi-arid zone west of
Lake Chad, because rainfall data are unavailable for the eastern sector. A satellite
analysis provides some information for the eastern sector. The analysis domain of
LeCompte et al.,, which they term the "Sahel”, runs from 8 N to 18 N. It coincides
roughly with regions 13, 14, 15, 18, 19, 20 of Fig. 1. In our terminology, the Sahel is
the northern half of this sector (regions 13, 14, 15), and the Soudan is the southern
half of the sector (regions 18, 19, 20). Our regions 23 and 24, for which we have little
data, are at the southern extreme of the domain and are termed the Soudano-
Guinean zone (see Nicholson 1985). The station network for 1994 is illustrated in

Fig. 1.

2.0 Spatial Distribution of Rainfall Anomalies

The first analysis is the rainfall departures for the whole region for the vear

1994 and for the individual months of May through October (Fig. 2). Following



previous studies (e.g., Nicholson 1985, 1993), departures are standardized at each
individual station by dividing the departure from the long-term annual mean by
the standard departure of annual totals at the station.

For the year as a whole, the rainfall anomalies are not coherent throughout
the Sahel/Soudan. This is in contrast to the most common mode of variability;
zonally coherent anomalies, with anomalies often of the opposite phase to the
north and south of 10 N (Nicholson 1980). No such zonal orientation is apparent.
Strong positive anomalies, commonly one to two standard deviations, generally
prevail in the sectors from ¢c. 12 W to 5 W and c. 0 W to 15 E. Elsewhere negative
anomalies prevail; these are quite variable in magnitude and exceed one standard
deviation in several areas. In areas with above normally rainfall, percent departures
from the long-term mean (not shown) are generally on the order of 20 to 60%, with
equally large negative departures in the western Sahel.

The monthly anomaly patterns (Fig. 2) confirm the lack of coherence
throughout the region; spatial variability is extremely high in most months.
Overall the extent and magnitude of the positive anomalies increase throughout
the rainy season. Rainfall is below average nearly everywhere during May;
conditions in June and July are only marginally better. By August, positive
anomalies on the order of .5 to 1 standard deviations are dominant in much of the
Sahel/Soudan zone, but in the west there are negative anomalies of similar
magnitude. September anomalies are strongly positive throughout most of the
zone (generally 1 to 2 standard deviations), but equally strongly negative in the west.
By October, positive anomalies are nearly ubiquitous and as much as several
standard deviations in magnitude, while negative anomalies are limited to areas
near the west coast.

The very strong anomalies in October are quite unusual in the region. This is

near the end of the rainy season in most of the analysis sector. This may be a



manifestation of the ITCZ maintaining a northward positien for an anomalously
long time.

Fig. 2 clearly demonstrates the contrast between June-July and August-
september. This confirms the findings of Nicholson and Palao (1993) that
conditions in June and July are quite independent of conditions in August-
September. It further underscores the point that reliable seasonal prognoses cannot

be based on rainfall early in the season.

3.0 Comparison with Earlier Years

Fig. 3 compares 1994 with earlier years via times series (Fig. 3) for the period
1950 to 1994 for each region depicted in Fig. 1. The number of stations available
during 1994 is indicated for each region is indicated in Tab. 1. Because in some
regions fewer stations are available than during previous years, the time series were
initially calculated in two ways. One used all available stations, the other, only
stations available during 1994. The resultant time series were nearly identical,
indicating the high degree of coherent variability within each of these regions.

These time series confirm that 1994 was still a dry year in the west (regions 13,
18), but that rainfall exceeded the long-term mean in the eastern sectors. In the
central-Sahel/Soudan, 1994 was the wettest year since the 1960s (regions 14, 15, 19,
20), but barely reached the mean in the southern extremes of the Sahel (regions 23,
24).

The long-term variabililty for the Sahel, Soudan, and Soudano-Guinean
zones as a whole is shown in Fig. 4. These suggest that 1994 barely exceeds the long-
term mean in the Sahel and Soudan zones, and just reaches the mean in the

Soudano-Guinean zone. Nevertheless, in the Sahel and Soudan, 1994 is the wettest



yvear since the late 1960s, but it is still very dry compared to the 1950s and many
earlier vears.

These time series are somewhat biased by the spatial distribution of stations,
which is denser in the west. To overcome this problem, and to examine variability
in the eastern Sahel, we have evaluated rainfall from Meteosat data. The cold-cloud
frequency method described in Ba et al. (1995), which reproduces over 80% of the
variance of rainfall, was applied to produce an areal average for the sector 9 N to 18
N (further south the method does not produce good estimates of rainfall) (Fig. 5). In
this analysis, values are expressed as departures from the mean for the 1983 to 1994
period, since a longer term mean cannot be calculated from satellite data.

The satellite estimate shows excellent agreement with areally-averaged
station data for this sector from the west coast to 15 E. It also indicates that the
areally-averaged rainfall anomaly for the eastern Sahel (the sector 15 E to 30 E) is
almost exactly the same as for the more western sector. The analysis confirms that
1994 was relatively wet, compared to recent years, but only marginally wetter than

1988, yet the wettest since 1969.

4.0 Summary and Conclusions

Rainfall conditions during 1994 were extremely good in much of the Sahel,
particularly the central Sahel, but well below normal rainfall prevailed in western
sectors. For the zone as a whole, rainfall barely exceeded the long-term mean.
Nevertheless, in the Sahel and Soudan, 1994 is the wettest year since the late 1960s,
but still relatively dry compared to the 1950s and many earlier vears.

The wet conditions are generally limited to the months of August, September

and October; any seasonal estimates based on early season rainfall would have been

highly inaccurate. The extent and magnitude of positive anomalies continually



increased during the course of the season. The strong anomalies in October and the

prevailing zonal inhomogeneities are highly unusual.
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Table 1. Number of Rainfall Stations available in 1994, by Region

Region Number Number of stations

13 11
14 8
15 6
18 29
19 15
20

23 13
24 9
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Fig. 1 Station network and climatological regions in the Sahel and Soudan zones of

Fig.

Fig.
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West Africa.

Top: Map of annual rainfall departures (% standard departure) for 1994.
Bottom: monthly rainfall departures (% standard departure) for May through
October of 1994. Areas with no available data are indicated by dashed lines.

Units are standard departures.

Annual rainfall departures (% standard departure) for regions depicted in Fig.

1 for the period 1950-1994. a. Sahelian regions, b. Soudanian regions, c.

~Soudano-Guinean regions.

Annual rainfall departures (% standard departure) for the entire Sahel-
Soudan zone, based on an average of all stations in the eight regions shown

in Fig. 1.

Spatially-averaged annual rainfall departures (% standard departure) for the
area between 9 © and 18 © N. The solid line represents an average of station
rainfall in this sector to 15 © E, the dashed line represents satellite estimates
based on a one-half degree grid; the dotted line represents satellite estimates

for the area between 15 E and 30 E.
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Abstract

This article presents the results of an experiment in estimating rainfall from the
Normalized Difference Vegetation Index (NDVI). The study is carried out in the
semi-arid region of south and southern Botswana, principally the Kalahari desert
where few rainfall reporting stations exist. A statistical regression between NDVI
and rainfall is developed for four areas with diverse soil conditions. These are used
to estimate rainfall at an independent station or group of stations. The estimates
reliably capture both the seasonal cycle and interannual variability. These
regressions are used to produce a map of mean annual rainfall for the period 1982 to
1993, based on NDVI data, for the region 22 to 27 © S and 20 to 26 © E. The estimates

are verified using all data available in the Meteorological Services' archive for these

years.




Introduction

In arid and semi-arid environments rainfall is a critically important, but in
most such regions there are relatively few locations where rainfall is monitored.
The rainfall records which exist are often cover only 20 or 30 years or less; in some
remote desert locations they are insufficient to even reliably assess the seasonality of
rainfall. For these reasons, the spatial and temporal variability of rainfall -
fundamental determinants of environmental conditions - are not well documented
in many dryland regions.

The Kalahari of Botswana illustrates this point well. Over an area of 60,000
km2 there are 6 stations with rainfall records exceeding 35 years in length. A few
scattered stations exist in the Kalahari's most arid core, but the data are
discontinuous and, in some cases, of questionable quality. The available records
suggest that mean annual rainfall throughout the region ranges from 250 to 450 mm
(Fig. 1), but an aerial survey of vegetation density suggests that a more arid core may
exist. Satellite methods developed for other areas of Africa have been applied by the
Meteorological Services to assess rainfall, but do not appear to be appropriate for
Botswana, where the rainfall regime is a hybrid between convective and frontal
systems.

In this paper, we present the results of an experiment in estimating rainfall
from vegetation, using vegetation-rainfall relationships demonstrated in previous
studies of our lab (Nicholson and Farrar, 1994; Farrar et al.,, 1994). The basis of the
methodology is a statistical regression between rainfall and the remotely sensed
"Normalized Difference Vegetation Index", or NDVI. The Kalahari lends itself to
such an experiment because of its relatively uniform soil and vegetation cover, its

lack of significant topographic features, and the absence of surface water sources.



However, the method can be applied to many other arid and semi-arid

environments which are also water-limited and relatively homogeneous.
The Geographical Framework

Botswana encompasses nearly 106 km? in the latitudes 18 to 279 S. It sits on a
plateau with average elevation of 1000 m and is surrounded by areas of higher relief.
Most of the country is a semi-arid plain of unconsolidated sands, referred to as the
"sandveld". This is the Kalahari, a region notable for its lack of permanent or even
seasonal water courses (Thomas and Shaw, 1991). The "sandveld” is bounded in the
east by a north-south ridge which separates it from the "hardveld”, an area of well
developed soils, small hills and undulating plains, and active erosion (De Wit and
Bekker, 1990). To the north lie lacustrine and alluvial systems: the Okavango delta;
the Liﬁyariti, Chobe and other rivers; Lake Ngami, and the Mababe and the
Mékgadikgédi depressions.

. Rainfall in the Kalahari is mostly convective and varies greatly from year to
year. It is si:rongly seasonal; it occurs mostly from October to April, coincident with
the period of highest potential evapotranspiration (Bekker and De Wit, 1991;
Bhalotra, 1987). Rain occurs occasionally in 